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BACKGROUND OF THE INVENTION

Radio-communication systems transmit of information over an air interface by
modulating the radio frequency (RF) carrier with information sources. When the
15 signal is received, the receiver attempts to extract the original information
therefrom by adopting an appropriate demodulation technique. Demodulating
digitally-modulated signals entails the use of an estimated replica of the
received carrier frequency for recovering the signal. In an ideal situation, the
transmitter generates a carrier signal that exists at some known carrier
20 frequency. The received signals are then demodulated at the receiver using
the same known frequency. However, inaccuracies in the oscillators of the
transmitter and receiver and the effect of Doppler shifting lead to carrier
frequency offsets which make this approach infeasible. If the frequency offset is
~excessive and not adequately compensated, the performance of the
25 demodulator will invariably be degraded to an extent that the original

information cannot be reliably recovered.

In order to reduce the impact of frequency offset on receiver performance,
some form of carrier frequency offset compensation technique is typically
30 employed. in a well-known method, a carrier-recovery loop such as a carrier-

tracking-loop is used to recover a reference carrier for demodulation. Based on



the principle of a phase-Iocked-loop (PLL), the carrier-tracking-Ioop
conti.nuously tracks .the received carrier phase for frequency offset
conpensation. Although the PLL can track out the carrier phase offset, it
should be noted that carrier phase offset conpensation is not as critical
for differential 5 nodul ation schenes sugh the Mary
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20  Although quite effective in reducing the carrier frequency offset of a received
signal, the PLL based technique is fairly complex as it involves the design of a
Numerically Controlled Oscillator (NCO) for sinusoidal waveform generation.
For example, the NCO is typically designed using the Direct Digital Synthesis
(DDS) technology which requires a large Look-Up-Table (LUT) in the form of

25 ROM (Read-Only-Memory) for maintaining signal fidelify. Another simpler NCO
implementation known as the Coordinate Rotation Digital Computer (CORDIC)
may be used to generate the reference carrier by an iterative process.
Depending on the required accuracy, the iteration time may be too long,
thereby contributing to longer PLL loop delay and causihg potential instability.

30 Furthermore, the PLL based technique is highly susceptible to input signal

amplitude fluctuation and can degrade the overall receiver performance.



anplitude fluctuation and can degrade the overall receiver performance. 3

- Anot her wel | -known technique for carrier offset conpensation is the use of
frequency estimation schenme. Unlike PLL based nethod, this "feed-forward"
technique typically perforns a one-shot estimation (based on a fixed nunber
of 5 synbols) of the received frequency of fset. The frequency estinate is
then used to directly set the local reference carrier (NCO or VCO to
match -the received frequency. Due to the limted observation interval
during the estimation process and the absence of a feedback-tracking |oop,
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15 Jan 1997).

Figure 1 is a block diagram of a receiver of the prior art. In Fig. 1, the received
signal is filtered by a matched-filter (also known as pulse shaping filter) for
enhancing the Signal-to Noise ratio (SNR) and to reduce the influence of any
20  out-of-band interference on the receiver performance. in a M-ary Differential-
Phase-Shift-Keying (MDPSK) modulation scheme such as the one used in the
present invention, filters at both the transmitter and the receiver normally
employ square-root-raised-cosine (SRRC) filters to achieve a composite
Raised-Cosine Filter characteristic. Such filters not only meet the mandatory
25  spectral mask requirement of a particular communication standard but also
allow the transmitted symbols to be recovered with negligible Inter-Symbol-

Interference (1S1).

During the Analog to Digital conversion process, the received symbols are
30 usually not sampled at the optimum points and the resultant timing-offset will

induce 1SI causing performance degradation. Even if the sampling process is



i nduce | SI causing perfornmance degradation. Even if the sanpling process is
4- optimal, the transmtter and receiver clocks can drift in tinme due to a
nunber of causes such as oscillator aging effects, and the inherent
frequency inaccuracy (due to manufacturing variation). To mtigate this
potential problem a timng recovery nodyle is enployed to recover the
transmtted synbls so that they are 5 matched to the transmtting clock in
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compensate for the carrier phase offset.

Since the output from the timing recovery module involves a rotating carrier
phase offset, which is usually mathematically represented as e**! the phase

15 offset compensation by the carrier recovery module is difficult to implement.

Due to the potential implementation complexity of the traditional carrier phase-
offset compensation schemes, it would be highly advantageous to replace them
with a simpler alternative.

20
it would be desirable to decrease the complexity and cost of the receiver by
replacing the relatively complex and expensive conventional carrier recovery
unit with a phase offset compensator having a simpler, more cost-effective
structure.

25



5 radio receiver, conprising: filtering and tim ng recovering neans
arranged to recover a received signal to produce timng corrected synbol s;
a differential detector arranged to performdifferential detection on the
timng corrected synbols to provide detected synbols; a phase offset
conpensati on nodule arranged to conpensmate for a phase offset in the
detected synbols to provide 10 phase of fset conpensated synbols; and a

decoder ar raAmgefARY OE TS INVENTRORSE of fset conpensated synbols into bit
streans wherein the filtering and timng recovering means conprises a

filter arranged to filter the received S|gnal to provide a filtered
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15
In one exemplary embodiment, the phase offset compensation module
comprises: a pattern-matching detector, a phase offset tracker and a multiplier,
wherein, the pattern-matching detector triggers the phase offset tracker on
detecting a pattern-matching between the bit stream and a pre-stored bit

20 pattern; the phase offset tracker calculates an average value of the phase
offset; and the multiplier multiplies the detected symbol with the average value
of the phase offset to yield the phase offset compensated symbol. The pattern-
matching detector comprises: a first multiplexer, a correlator, a peak detector, a
control unit, wherein, the first multiplexer selects pre-stored preamble bits or

25  sync bits under control of the control unit; the correlator correlates the bit stream
with the selected bits and yields an output representing the number of
correlated bits; the peak detector compares the output from the correlator with a
programmable threshold and triggers the control unit if the output is above the
programmable threshold; and the control unit outputs a preamble detect

30 indicator to trigger the phase offset tracker and controls the first multiplexer to
output the selected bits to the phase offset tracker.



I n anot her exenpl ary enbodi nent, the phase of fset conpensati on nodul e
conpri ses: a phase-matching detector, a phase offset tracker and a
multiplier, wherein, the pattern-matching detector triggers the phase
of fset tracker on detecting a pattern-matchi ng between the phase of fset
conpensated synbols 5 and a pre-stored sgnbol pattern; the phase offset
tracker cal cul ates an average value of the phase offset; and the
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Illustrating the structure of 'a receiver of prior art;

detector compares the output from the correlator with a programmable

threshold and trigger the control unit if the output is above the programmable

15  threshold; and the control unit outputs a preamble detect indicator to trigger the
phase offset tracker and controls the first multiplexer to output the selected bits

to the phase offset compensator.

The present invention provides a phase offset compensator with simpler

20  structure and cost-effectiveness to replace the conventional carrier recovery
unit, which is relatively complex and expensive, so as to decrease the
complexity of the receiver, and hence reduce cost.



Fig. 2 shows a packet format of a signal received by a receiver of the
present 10 invention; Fig. 3 schematically illustrates a first enbodi nent
of a'receiver of the present invention; 15 Fig. 4 schematically
illustrates an exanple of a timng recovery |oop of the receiver of Fig.
37 Fig. 5 schematically illustrates the sjructure of a timng error
detector of the timng recovery |loop shown in Fig. 4, 20 Fig. 6

schemati cal | e_st t | oop filter of the timng
recovery %@é&@%qﬁﬁqgﬁ Efﬂi"'g d‘%g‘g@'h'&a‘étlcally illustrates the
structure of a controller of the timng recovery 25 |oop shown in Fig. 4;
Fig. 8 schematically illustrates another exanple of a timng recov Ioop

e
of the recdmbodistents of theringention 84l Fpy.beddischissent, ibyaway of e*ampheamé t he

structure of a difffﬁpt'al det ect or, of. t he rec§|ver of Fig 3; 8 Fig. 10
schemat i cal I'F'STEICR1G CARIPAMING A[FUNG?: 19 WiliSTe- of f set tracker of the

receivergof Fig. 3; 5 Fig. 11 schematically illustrates the structure of a
pattern-matching detector of the receiver of Fig. 3; Fig. 12a depicts the
bit error rdtig (mﬁcb@mabcmﬂi@dlagrameﬂwgmemtm strh@tur@pégéﬁt:elwﬂx/@h&heon

using it/2-DBPSK nodul ati on schene; 10 Fig. 12b depicts the bit error rate
( BER) perforp?ﬂi)ﬁ(%t of the systemof the present invention using rc/4-DBPSK
nodul ati on schene; Fig. 12c depicts the bit error rate (BER) performance of

the system of the
Fig. 2 shows a packet format of a signal received by a receiver of the present

10 invention;

Fig. 3 schematically illustrates a first embodiment of a receiver of the present

invenﬂon;

15 Fig. 4 schematically illustrates an example of a timing recovery loop of the

receiver of Fig. 3;

Fig. 5 schematically illustrates the structure of a timing error detector of the
timing recovery loop shown in Fig. 4;

20
Fig. 6 schematically illustrates the structure of a loop filter of the timing recovery

loop shown in Fig. 4;

Fig. 7 schematically illustrates the structure of a controller of the timing recovery

25 loop shown in Fig. 4;

Fig. 8 schematically illustrates another example of a timing recovery loop of the

receiver shown in Fig. 3;

30 Fig. 9 schematically illustrates the structure of a differential detector of the

receiver of Fig 3;



15 present invention using 7r/8-DBPSK nodul ation schene; Fig. 13

schematically illustrates a second enbodi nent of a receiver of the present
invention; 20 Fig. 14 schematically illustrates the structure of a

phase- mat chi ng detector of the receiver shown in Fig. 13; and Fig. 15
schematically illustrates the structure of a sliding correlator of the

phase- mat chi ng detector shown in Fig. 14. 25 DETAI LED DESCRI PTI ON OF THE
PREFERRED EMBODI MENTS OF THE | NVENI TON First Enbodinent 30 9 Fig. 2
shows a packet format of a signal received by a receiver of the present

| nvention. }ﬁg.cﬁ*@éﬁéﬁétiéaégﬁﬂﬁé MBs B afrbt@irs efHPHRs-dfsetrdckécof eei ver

al gorithns Aut omat 1 ¢ Ctjt)nt rolled (AGC) control, timng recovery,
phase- of f saeceigepofffig. and si gnal equalization. A Synchronization Pattern
(Sync) is 5 also included to aid franme synchroni zation so that relative
posi tions of Header and Payl oad can be determned. Fig. 3 schematically

|11 ustrates @mgfi{ sbh&mancaIENistPited thesguvkire of athitaph #5ehing dbtestor oh. The
recei ved S|gng] (through I'i'ne a) is first filtered through a Matched 10

Filter 1, typeceteiyemolhigade-root-raised cosine filter. The filtered signal
(through line b) is then coupled to a Timng Recovery Loop 2. As nentioned
before, the Timng Recovery Loop 2 recovers the received synbls so. that

they are botfig. phaseprisitte Bt uroe yateqBERObdrforiMamcerafnisesystem of thek. |
The-Ti m ng ReCovery Loop 2 outguts the tim ng-corrected sanples at synbol

rate to a Difreserhinvantiasusieged2-61BRSIHMedulatiphisshe®e; each synbol with a
del ayed-%onj ugate version thereof (it perfornms the operation rnrn_|*,
wher ei n ¥ neans conj ugat e operation)

Fig. 12b depicts the bit error rate (BER) performance of the system of the

present invention using n/4-DBPSK modulation scheme;

Fig. 12c depicts the bit error rate (BER) performance of the system of the

15  present invention using n/8-DBPSK modulation scheme;

Fig. 13 schematically illustrates a second embodiment of a receiver of the

present invention;

20  Fig. 14 schematically illustrates the structure of a phase-matching detector of

the receiver shown in Fig. 13; and

Fig. 15 schematically illustrates the structure of a sliding correlator of the
phase-matching detector shown in Fig.14.

25
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS OF THE
INVENITON

First Embodiment
30



to detect the phase difference between the adjacent timng corrected

symbol s (through line c). A phase offset conpensator 4 conpensates the

phase offset  existing in the neighboring detected synbols (through line d)

which is caused by 20 the carrier frequency offset due to the Doppl er

shifting or the inaccuracy of the oscillgtors in the transmtter and

recei ver. The phase offset-conpensated synbols (through line f) are next
A buffer

decoded int [ treans 6 _whi ch ically is a
Random Acce 0N FIPYS FBRRRL TR dTrecigne! ReenEan 7 et bRaBse s
(through "rrﬁv&)tronTrr@cdrﬂaﬁgeQFefpeﬁhv@9?@%5%% vbrdes v ald e RENErses a
phase of fset tracker 401, a pattern-matching detector 402 and a nultiplier

36, wher ei n,algbrthpas fasrAutaeatiniGain derdtalled (AG2C Heandtal stiming recavery, ohasere

reanbl e se e of the It strea
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and triggergshcilBdes o aid FahelsyReKRIniABticsd it falhiNe bb@lh@H%f Heé@er)

t he phase offset 30 tracker 401 cal cul ates an-average val ue of the phase

of f set exi standyPiayloadecandpe detarmirgdct ed synmbol s and outputs the result to
the nultiplier 36; and then 10 the detected synbol (through line d) is
multiplied wwth the average val ue of the phase offset (through line E) by

the nul tiplipy. 3Gchemstiehtly pluagatesfd first ensisomerpabed résetber of thefpreset | i ne
f). The pattern-matching detector 402 further detects the sync word of the

bit stream fin¥aNteR tharassiredssigialdthirosgh ligemitis Aish diterqs tl'.’)‘rr‘t’U%'"ﬂ pddatchrdh a
d f
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| ayer for polirie by rsCthealdmgrpleEi 0. a FirsiogeRatovey ILy)opI2| Westmeh’aeanef(aeplhe of a

timng recovery | oop of the 10 receiver of Fi timng recovery
| oop 2 conpri !E‘é'@gﬁPQQYPéY bePREZJecavers th?rrﬁ?‘ﬁ'&e%sm‘rb'm Ha’féhegar;% PR a
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f eedback con ro si gha represents the
Loop 2 outputs the timing-corrected samples at symbol rate to a Differential

15 Detector 3 which multiplies each symbol with a delayed-conjugate version
thereof (it performs the operation rory.+*, wherein * means conjugate operation)
to detect the phase difference between the adjacent timing corrected symbols
(through line c¢). A phase offset compensator 4 compensates the phase offset
existing in the neighboring detected symbols (through line d) which is caused by

20 the carrier frequency offset due to the Doppler shifting or the inaccuracy of the
oscillators in the transmitter and receiver. The phase offset-compensated
symbols (through line f) are next decoded into bit streams by a Demapper 5. A
buffer 6 which typically is a Random Access Memory (RAM) stores the bit
streams from the demapper 5 (through line g). The phase offset compensator 4 .

25  further comprises a phase offset tracker 401, a pattern-matching detector 402
and a multiplier 36, Wherein, the pattern-matching detector 402 detects the start
of the preamble sequence of the bit stream (through line g) from the demapper
5 by pattern matching the bit stream with a pre-stored preamble bit pattern, and
triggers the phase offset tracker by an indicator (through line i); the phase offset

30 tracker 401 calculates an average value of the phase offset existing in the

adjacent detected symbols and outputs the result to the multiplier 36; and then



15 interpolation point), the interpolator 8 reconstructs the filtered
sanples (through 1line b) by interpolating a fractional interval provided
by the controller 11 at an interpolation point between nei ghboring sanpl es
and output the timng corrected synbols r(n) (where, n represents the nth
clock tick). The Timng Error detector 9 pperates on the interpolated
synbols to generate an error signal e(n) 20 that indicates whether the

recei ver sa I|n h i s vanced of. .del relative to the
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typically noisy, Loop filter 10 is used to smooth the error signal. In

addi tion, tmompensated tsembal%ﬁh@@l@hrIM%f)tﬁfee patierT-@etchieg getrntoint02 he
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which is 5knqwatoa1$ng e bit streami itk prétsﬂb:\eﬁl Syncthit pateernnbad mgg?érgrthe Conpar ed
to traditional non-interpolation based tinmng recovery technique, this 30
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sanmpling clock. By using the interpolator to correct for timng and

frequency offset after the matched-filter (Note that the ADC is Rl aced
before the n@gcﬁé&hﬁmqﬂé‘?"VLN'USV@@ét?dbRX%TPBI?eWt%t'%"g taroveRbIvePat

pnal 0g- 10 O GlckRler GORYEI Al inIRLEALL B LB 'mlrﬁé.%fatarg § no

| onger require not o viat e the nee
Di gi t al -t o- Ahiahing ErcorrDetetter 9 unsmgca Gaattemalkgqgrdim, ladioopaleier A@dundea t he
transport (Igg‘g’omﬁ 6|‘§ in the typical feedback |oop based tim ng recovery
desi gn. Ref e¥P @l 'n to figure 4, line b represents a conpl ex signal
with an 10 oversanpling ratio m(e.g. 2 or 4 sanples/synbol) that has been
filtered by the matched filter 1. Since the timng error detector 9 (the
structure of Babedbnva fdedback dbatru&aaésliginal dé) &dvheteakaepresentdthe kg ng
recovery 5| Oof[r)wtezrpg?a |%Inrpeoslnt§ tﬁanﬁterpolgtor 8 reconstructs the filtered samples (through
line b) by interpolating a fractional interval provided by the controller 11 at an
interpolation point between neighboring samples and output the timing
corrected symbols r(n) (where, n represents the ny, clock tick). The Timing Error
detector 9 operates on the interpolated symbols to generate an error signal e(n)
20 that indicates whether the receiver sampling clock phase is advanced or
delayed relative to the optimum sampling point. The optimum sampling point
being one that is synchronous to the transmitter sampling point. Since the error
signal is typically noisy, Loop filter 10 is used to smooth the error signal. In
addition, the loop filter also controls the transient response of the timing
25  recovery loop, which is described later. Finally, based on the loop filter output,
the controller 11 generates a control signal u(k), which is known as the

“fractional interval”, to the interpolator.

Compared to traditional non-interpolation based timing recovery technique, this
30 timing recovery architecture avoids the requirement of the receiver sampling

clock at the Analog Digital Converter (ADC) (not shown in the drawings) to be



synbol to operate, the sanpling ratio of the match-filtered sanples are
downsanpl ed to nm=2. The downsanpling process (not shown in the draw ngs) 15
is well-known in the art and can be inplenmented in several ways. For
exanple, a signal can be down sanpled by discarding every alternate
sanples at the match-filter output beforg getting into the
timng-recovery-loop. In digital-signal- processing |exicon, a "divide-by-2
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Gardner Timng Error Detector 9 of the timng recovery loop in Fig. 4. The
I n-phase (ri 2) and quadrat ure- Phase (rQn)) conponents of the conplex
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downsampled to m=2. The downsampling process (not shown in the drawings)

15 is well-known in the art and can be implemented in several ways. For example,
a signal can be down sampled by discarding every alternate samples at the
match-filter output before getting into the timing-recovery-loop. In digital-signal-
processing lexicon, a “divide-by-2 decimator” may be used for the
downsampling process. It is typically represented by a box and with a

20  downward-pointing arrow-sign and a “divide-by-2” notation in it. The
interpolator 8, fed with control signal u(k) by the controller 11, reconstructs the
samples so that the receiver sampling phase is synchronous with the
transmitting symbol clock. The timing error detector 9 feeds a timing error signal
to the loop filter 10 which subsequently outputs a filtered signal to the controller

25 11. The timing error signal which is generated based on the interpolated signals

“represents the timing error between the received sampling clock and the

transmitted clock. When the loop achieves steady state condition, the
interpolator 8 generates the timing corrected symbols that are used by the
differential detector 3.

30



10 the desired timng error signal e(n). The Loop Filter 10 and Controller
11 are illustrated in Figures 6 and 7, respectively. Referring to Fig. 6,
the output of the timng error detector 9 is coupled to the respective-
multipliers 17 and 18. A loop integral constant K2 is 15 applied to

mul tiplier 18 and a | oop proportional copstant K1 is applied to nultiplier
17. These two val ues can be conputed by a system mcro-controller in a

of ' an adaeriage sleEaBS R sianE ot 1B bty riuRE St e Bss Lithe 56"
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actually a"nod-1" (nodul o one) counter, which decreases an output fromthe
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coupled to the respective multipliers 17 and 18. A loop integral constant K2 is

15 applied to multiplier 18 and a loop proportional constant K1 is applied to
multip|.ier 17. These two values can be computed by a system micro-controller
in a well-known manner. The output of multiplier 18 is coupled to a first input of
an adder 19. The output of adder 19 is coupled to a delay element 20, and the
output of the delay element 20 is coupled to the second input of the adder 19.

20  The signal from multiplier 18 is summed in adder 19 with a delayed version of
the signal from the delay 20. The output of multiplier 17 is coupled to the first
input of adder 21. The output signal from adder 19 is summed in adder 21 with

the output of multiplier 17 to yield a loop filtered result z(n).

25  Fig. 7 illustrates one embodiment of the controller module 11. The loop filter
output z(n) is coupled to one input of an adder 22. The adder 22 sums z(n) with
a constant coefficient of value 0.5 and outputs a control word W(n) to a
modulo-one accumulator 27. Derivation of the constant coefficient is described
in the paper “Interpolation in Digital Modems-Part I" by Lars Erup et al. In the

30 accumulator 27, W(n) is fed to one input of a subtractor 23, and the other input

thereof is coupled to an output of register 25 which delays an output from a



signals a flag OVF to a control signal generator 26 to begin conputing a
fractional interval or conpensation factor (k) for the interpolator 8
(Figure 4): p(k) =2 * p(nk ) The underflow flag OVF is also signhaled to
the Gardner timng error detector 9 15 to conpute the timng error signal.
This flag is al so responsible for strobi the interpolator at near
optimal timng to yield the timng corrected synbols which are the synbols

reconstructed by the i r pol at or bhased_upon the, fractional . interva k)
br ovi ded by QebEINEoR BY HHREQoThatTS ARh OLF USRS 26 (R FOrGOEe for

i nter pol at ed,smbicdMiitichy P e @écréﬁféﬂtém,b%/cth?@ RGN grhbe[x\odé’ﬁ ctor 9.
20 The inplenentation of iInterpolator 8 exactly | Tows the i1nplenentations
descri bed i ncaurdepaydcts degreases abraytpet fram thensuibttastbr'dht er pol ation in

Digital Mdens-Part I1". The interpol ator can be based on either a cubic
pol ynom al or a piecew se parabolic function. In practice, the parabolic
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i npl enentation while maintaining perfornance conparablée wth ot

i nt er pol at orthe mhdulonore potumulaterasy basitheifellesving diffsrehcenequalian:pol ynoni al
function or other interpolating functions such as |linear and piecew se
parabolic functions and in 14 no way do they change the operation of this
~radio architecture. Wiile an interpolator utilizing a |inear parabolic

function is | ess conpl ex th‘lg(h)g[gt,eLpme(gr_sl)}llﬁgd_jlzi ng the other functions,
it also suffers fromslightly worst performance. However, the overall BER
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pi ecewi se parabolic function. Hence, the piecewi se parabolic function is

preferred ovBactanaintevad or sampensatier fagar uikniordhennterpalator Sdigweat)l y f or

| ower - order nodul ati on signals.

uk) =2*p(n,)

The underflow flag OVF is also signaled to the Gardner timing error detector 9
15 to compute the timing error signal. This flag is also responsible for strobing the
interpolator at near optimal timing to yield the timing corrected symbols which
are the symbols reconstructed by the interpolator based upon the fractional
interval u(k) provided by the controller 11. Note that the interpotator outputs 2
interpolated samples per symbol as required by the timing error detector 9.
20
The implementation of interpolator 8 exactly follows the implementations
described in the papers by Lars Erup et al. entitled “Interpolation in Digital
Modems-Part II". The interpolator can be based on either a cubic polynomial or
a piecewise parabolic function. In practice, the parabolic function is preferred
25  over the cubic polynomial due to the ease of implementation while maintaining

performance comparable with other interpolators.

The interpolator can be implemented with a cubic polynomial function or other

interpolating functions such as linear and piecewise parabolic functions and in



10 Fig. 8 schematically illustrates another exanple of a timng recovery

| oop of the receiver shown in Fig. 3. In this exanple, the matched filter
1 can be placed after the interpolator 8 of the timng recovery |oop 2.
Because the matched filter 1 is digitally designed with a fixed
oversanpling ratio, a decimator 1 a is 15, ntroduced to downsanple the

i nterpol ated sanples fromthe interpolator 8 to a desired oversanpling
rati o defined by rat
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of the receiver in  Fiag 3. The in (thr heline c), to the differential
Getector 1 s MiamBpiaSie; hies B BERlshERER MAcREnr biebfer U Hibe EE! he
synbol rat e.paapali®funcibn i) predeiredtovel olfer fuheticghel inYpradiicdl smprmmerdaties by
conjugate operator 25" prior to the conmplex nultiplier 26'. The out put

(t hrough |i resprecially far gwer<rdat madulatioscsignalsut put . Fig. 10 schematical ly
iIIustr@oes the structure of a phase-offset tracker 401 5 inplenented as a
part of 'phase offset conpensator 4. Line d represents a signal at synbol
rate from t heigbsfdchervtically Mateatesrandthahéxdmple ofed tr@iraj revalvely lobppf désent ed
as c(t) el"", inwhich ¢c(t) is a differential detected signal with the
packet f or meeCeYERShPWNRR &19.28. 15 Ahjs @xample, thedpatehgdifitghd @ndpe pacedn t he

nei ghbori ng sydMRkSnterpolator 8 of the timing recovery loop 2. Because the matched filter
1 is digitally designed with a fixed oversampling ratio, a decimator 1a is

15 introduced to downsample the interpolated sarhples from the interpolator 8 to a

desired oversampling ratio defined by ratio of desired sampling rate and symbol

rate for use by the matched filter 1.

This architecture has the advantage of supporting variable symbol-rate

20 transmission where a fixed sampling rate of at least twice the maximum symbol
rate is chosen during the analog to digital conversion. Depending on the actual
symbol rate, the decimator 1a may be placed right after the interpolator 8 to
down-sample the number of interpolated samples to 2 samples per symbol.
Thus a fixed set of filter coefficients can be designed with an over-sampling

25 ratio of 2 samples per symbol while simultaneously supporting multiple symbol-

rate transmission.

Figure 9 shows the one-symbol-delay differential detector 3 of the receiver in
Fig. 3. The input (through line c) to the differential detector is taken from the

30 output of the timing recovery loop at the symbol rate. A sample at the output of



10 Prior to the differential detector 3, the phase offset e , existing in
nei ghboring synbols, is arotating term which nakes it difficult to
estimate its value. However, after the delay and conjugate operation in
the differential detector 3, the running phase offset e " is converted
into a constant phase offset e"'7, 15 and,{herefore, the conpensation is
performed relatively easily. The conpl ex conjugate operation is perforned
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mul tipl exer 35 and then del ayed by a delay elenent 29, 1n a conhplex
multiplier 30, to yield an output I1C(t) 2 e-j'T, wherein the nultiplexer
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mul tiplier outgut e-]7""" is scaled by areal value a in a nultiplier 31,
and sumigd 32 with its previous sanple froma delay unit 34, scal ed by

(1-R) in a nultiplier _%3. The averagjre val ue of the constant phase offset,
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the running phase offset ¢/*“ is converted into a constant phase offset ¢/**",

15 and therefore, the compensation is performed relatively easily.

The complex conjugate operation is performed on a symbol (through line d) by
a conjugate operator 27’. The output of the complex conjugate operator 27’ is

delayed by a delay element 28 and is multiplied with a reference signal ¢(¢),

20  which is selected by a multiplexer 35 and then delayed by a delay element 29,
in a complex multiplier 30, to yield an output !c(t)[ze“’A’”T , wherein the

multiplexer 35 selects the reference signal ¢(r) from among a preamble/sync
word input from the pattern-matching detector 402 (which will be described in
detail later) and the output f of the phase offset compénsator 4. Due to the

25  Automatic Gain Control (AGC) adjustment on the output ‘c(t)lze"“” , which

scales the signal to a normalized amplitude of ONE, the input to an average
value operator 30’ becomes ™" . AGC (not shown in the drawings) can be
handled both in the analog and digital domain. For example, it may be
implemented by a combination of RF and analog(lower frequency) amplifier

30 placed before the analog-to-digital converter to properly scale the signal for



conpensated signal f. The |loop is adaptive because the average val ue
operator 30' continually adjusts the output signal E to cancel any varying
frequency 10 offset 0o (drift) in the incomng signal d and fast
convergence can be achieved by appropriate selection of scaling factor (3
(which is determned through simulation-gfudy during the design process).
The phase offset tracker 401 also corrects for any subsequent carrier
frequency drift encounter in the receiver. For short_Packet Ie@g&h! t he
phase of f setCQNVEEReR. 4piheavenrgeyalueopo@tagel 1 themuliplier autpuhe apptsopri at e

I nstant, suc fte h e of f.set acker has nverged tao some
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of f set tiackeffseWapdrift)Sn he! Bitoing slgnatdaind-fast E@nvérgem &4 behechidldee of
L over which the data e; is averaged can be determ ne

by appropriate selection of scaling factor § (which is determined through

simulation study during the design process). The phase offset tracker 401 also

corrects for any subsequent carrier frequency drift encounter in the receiver.

For short packet length, the phase offset tracker 401 can hold the average

15 value E at the appropriate instant, such as after the phase offset tracker has
converged to some value. This process can be achieved by detecting a steady

state condition of the output value E. -

Here, the phase offset tracker 401 employs a weighting on the current and
20  previous samples as illustrated by the following expression for calculating the

average value of the constant phase offset:

E=p*e+(1-pE,

Wherein, a person skilled in the art can derive variations of the technique such
25  as defining multistage adaptation of g wherein 8 changes progressively. For

example, a larger initial value of B results in a faster convergence but higher

variance with respect to the actual frequency offset. A smaller B, after the loop

converges, allows the tracking of the frequency offset with a smaller variance

relative to the actual frequency offset.
30



enpirically. 10 According to the above alternative nethod, the conplex
conjugate operation is perfornmed on sanple d. The output of the conpl ex
conjugate operator 27' is delayed by a delay elenent 28 and is multiplied
with a reference signal delayed by a delay elenent 29 by-a conpl ex
multiplier 30. The nultiplier output is d-@;:curmlated over L sanples in the
average val ue operator 30'. The generated 15 signal Eis mxed wth the

i ' [ | .d by a copple |tiplier 36 to oduce a phase offset
correct ed i BaltematyeeBrpRrelaaing s irage yAke dowss Veratenin e
a1 ge Gar i ofn i ARHFAIRH G 8 Bhasd L BalckelaBt MM SxsissBATAE nate e

frequency offset conpensation factor. For the purpose o | ustration,

coul d be chosfésettitadker phtput éngivendly t he preanbl e sequences. 20 Fig. 11
schematically illustrates the structure of a pattern-matching detector 402
of the receiver of Fig. 3. The multiplexer 40a receives a control signal
fromthe controki unit 42 to output a signal x, which carries either the

| ocal l'y §tor£d:fjee hhle Bits 38a or the Sync Bits 39a, to a code matched
correlator 37. The 25 control unit 42 also controls a nultiplexer 40b to
select either the locally stored Preanble Synbols 38b or the Sync Synbols
39b. The output | of the nultiplexer 40b is used by the nmultiplexer 35 in

t he phase of insghichl thekeriud 0f L fover whiiets theodidtaad; icavaragedicadbe déterrhiriad
correlator 37 correlates the bit streamg fromthe demapper 5 with the

sel ected bi tePRIMGAIN- 38a or 39a, and outputs the nunber of the correl ated
bits to a peak detector 41. The peak detector 41 conpares the nunber from
the correlator 37 with a progranmable threshold th. If the nunber of the

correl atied SAbtérdingtothevabdveaiferogivemeihsd, the eshplek EbnjubaR aesltideisct or
41 triggers the control unit 42 to output a preanble detect indicator i or

a frame det eperfemped apsample do ThrOYRELe! Befammplex serisgatr eparaiot A€ iBuf f er
6, respectivgliyed by a delay element 28 and is multiplied with a reference signal delayed

by a delay element 29 by a complex multiplier 30. The multiplier output is
accumulated over L samples in the average value operator 30'. The generated

15 signal E is mixed with the incoming signal d by a complex multiplier 36 to
produce a phase offset corrected signal f to compensate the incoming signal d

~for the initial large carrier frequency offset. The length L affects the accuracy of

the frequency offset compensation factor. For the purpose of illustration, L
could be chosen to be the length of the preamble sequences.

20
Fig. 11 schematically iIIustratés the structure of a pattern-matching detector 402
of the receiver of Fig. 3. The muitiplexer 40a receives a control signal from the
control unit 42 to output a signal x, which carries either the locally stored
Preamble Bits 38a or the Sync Bits 39a, to a code matched correlator 37. The

25  control unit 42 also controls a multiplexer 40b to select either the locally stored
Preamble Symbols 38b or the Sync Symbols 39b. The output | of the
multiplexer 40b is used by the multiplexer 35 in the phase offset tracker 401 for

'phase offset compensation.



When, under control of the control unit 42, the nultiplexer 40a selects the
1:0 preanble bit pattern 38a and outputs it to the correlator 37, the
correlator 37 detects the nunber of correlated bits between the bit stream
fromthe demapper 5 and the prestored preanble bits 38a and outputs this
nunber to the peak detector 41. The pealfgdetector 41 detects when the
nunber i s above the progranmable threshold th, and triggers the control

unit 42 to t put 5 I ndi bt set
racker 401 Teresfe) 1 EMpbsdRe Bt v i Ehen e naindhe
However, whejaledtad®it patidih @8adir 392€ angiaslitpals tHeidurdiZer dfithe Barrelanee bits td0a
selects the sync bit pattern 39a and outputs it to the correlator 37, the

correl at or Fpedek detestend! . niheealodetasiorcdl eamaaeas therrumpet fie@thehe bi t

stream and the. r i tpu ' e

peak detect o‘#b?ﬁgt%f??tvﬁ% %&gég%éﬁégﬁ%ﬁhg% 2 é}gt i;sﬁrtﬁ%liaﬂ] ﬁ}tﬁeg oﬁﬁgérré@géd;bove

the progsammfl ie dbavethe programrhielerthrdshind eic thie pElaki déteomir 2 1ttriggesaner ol

unit 42 to output a frame detect indicator j to the buffer 6 indicating the
G

position of ¢prifphenitdRdogiutprica pigareblerdetgctindicatarine asameated indicate

hi gher | ayer, | e or 37 may be

I mpl enent ed%t%glqg%tpgé%ﬁzf%gg?\%@ 4?;'&@@% W%%’ﬂrg%g%@awr epresent ati on of
t he out put of the Code Matched Correlator is N1 CK =Y gk LPN -1 i=0 30

(1) 19 where P is the selected preanble or sync bit pattern with I ength N,
g is the dedb@sdupder sontedaftherrptiel wrihdgJbe mullinlexex40a seircthithfer of

correl atl%d ;S)rjeta%tﬂé bﬁtidﬁe'ﬁn 38a and outputs it to the correlator 37, the correlator 37
detects the number of correlated bits between the bit stream from the
demapper 5 and the prestored preambie bits 38a and outputs this number to
the peak detector 41. The peak detector 41 detects when the number is above
the programmable threshold ¢4, and triggers the control unit 42 to output a

15 preamble detect indicator i to the phase offset tracker 401 indicating the
presence of the preamble/sync symbols . However, when, under control of the
control unit 42, the multiplexer 40a selects the sync bit pattern 39a and outputs
it to the correlator 37, the correlator 37 detects the number of the correlated bits
between the bit stream and the prestored sync bits 39a and outputs this

20  number to the peak detector 41. If the peak detector 41 detects that the number
is above the programmable threshold ¢4, the peak detector 41 triggers the
control unit 42 to output a frame detect indicator j to the buffer 6 indicating the
position of a sync word of the buffered data from the demapper 5 for the higher
layer postprocessing.

25
The Code Matched Correlator 37 may be implemented by an exclusive-nor
operator. A mathematical representation of the output of the Code Matched

Correlator is

N-l
Cy = ng-i ®P,_,_,
: i=0

30 (1)



5 As nentioned previously, the phase offset tracker 401 works in parallel
wth the transm ssion of the preanble sequence. It should be noted that
the operation of the phase offset tracker 401 may still continue in a
decision directed node even after the transm ssion of the preanble and the
sync word. Alternatively, a 10 control sigpal to the tracker may be used to
freeze the conputation before the start of the actual payl oad

transm ssion. This results in power savings as it allows clock gating to
be used. The assertion of the control signal to halt conputation is

readi |y perf\gremoP hytHehselpaletasraanils Br BgnélBit @attern #AR. Iend\tlﬁ is fgen the

pattern-matchi ng detector 402 detects the pattern-matching 15 et ween t he
bit stream fdenpderditsiegpdrom thadenapner & and Leads mOumber opgetrelated i t
will send tqﬁt a%q}fﬁergsntl oned control signal to the phase offset tracker
401 to freeze the operation. Fig. 12a, 12b and 12c respectively depict the
bit erroms rate (BER) performances 20 of the system of the present

i nvention using t/2-DBPSK nodul ati on schene 71/ 4- DQPSK nodul ati on schene
and 8DPSK notfiMmantioned aiewpusiyhthe ghang atfiseirtrqféqeaﬂ@ﬂ verkaitipaeallg! w&bktee

foll h
| ouhon e B etk brtbiOHEREEal Leq SRS WARMOR P v I SEEPLRRE 1S
I n Fi gures lihe-phase dffeet dackar 481)mayfstilh@)rﬂﬁaepﬁra‘ dedcrEibaiedtatemode even

denonstrat es h t he di scl og}gd t echni ques successfull mtigate the effect
of large fr%fiﬁlé g frasigsion &) the pErAMEeRRM HRegynsovord. flteinatvehe @at i cal | y

i T ustrates @orﬁﬁﬂ%ﬂﬁuaﬂ@ﬁfg YR rQﬁafm Vt%rfrégze A8 coisift | ng+ BEY&@%Q n.

shown in Fi second e the recelver rratched
filter 1 forstértlctfelne agtua! lpagkexadetebmngsalbnt Ohiseesults trhpowet safings as it

allows clock gating to be used. The assertion of the control signal to halt
computation is readily performed by the pattern-matching detector 402.

Namely, when the pattern-matching detector 402 detects the pattern-matching

15  between the bit stream from the demapper 5 and the pre-stored sync bit
pattern, it will send the above-mentioned control signal to the phase offset

tracker 401 to freeze the operation.

Fig. 12a, 12b and 12c respectively depict the bit error rate (BER) performances
20  of the system of the present invention using n/2-DBPSK modulation scheme,
71/4-DQPSK modulation scheme and 8DPSK modulation scheme. The
simulation parameters and data-packet follow the Bluetooth HighRate Draft
Specification V0.5. The symbol rate is 4MBaud and the frequency offset of
150kHz is present in the simulation.
25 .
In Figures 12a-12c, the comparison of the BER performance curves
demonstrates that the disclosed techniques successfully mitigate the effect of

large frequency offset.

30 Second Embodiment



band noise, a timng recovery nodule 2 for recovering the filtered signa
t-o 5 output timng corrected synbols, a differential detector 3 for
differentially denodulating the timng corrected synbols, a phase offset
conpensator 4 for conpensating the phase offset existing in the

nei ghboring detected synbols which inclusigs a phase offset tracker 401, a
phase- mat chi ng detector 402" and a multiplier 36, a buffer 6 for storing

t he phase of fset .,conpensatgd. s ols 10 fromthe.co sator 4 a -
demagper 5 f%'p'EQ@SEEHE%FﬁEY &lg%ﬁgt,els&??ﬁ%né)Bﬁ%oggm%(w&n@er%ﬁeﬁ\feércgﬂg% bet ween
the first angresenpmiehtiORIASBRGWN ¥ Fidie13, 1Ies 8b¥EMd BmboafnBRESERE rebyigat i on
I's the position of the demapper, and the structure of the phase-nmatching

det ect or 402inclugiesehmadchastiilteredfondideriag rglegeiviedmignal do pemowre therautbf-ng

ehamati cal |91 MR ArtanBrCS Tl AR IR R radeliube Marrd oncllsr of
the receisverostpoamiming Ebgectdd.syAtbols, & biffwiehtial deectdd3 féh@ffatdritiany exer 40b

receives a control signal fromthe control unit 42 to output a signal |
whi ch carri ede@pdHi@tingrtbe tigyag correciadesy mbelsaathhase pifset sormgensatar kefosync

Shase. of f set CTHBefst e st bt iithe abBBIhE cBedied Sutfitey s,
the mul ti pl ewhich3hcludes lephrweseffsst fimeket #8¢ kaph488-matchingXddtbatee 40Df sed

conpensation. The sliding correlator 37b correlates the synbols f fromthe
phase of f set @ eJHPISI3G: @rgbkﬁ'?%q for string the-plases gigrl i comymsisated synbalsd

out put s the | - ) eak
det gct orlozl @g%@%ecs&{l%&eﬁ%%gﬂnﬁnﬁgr&?%@ﬁbﬁ ﬁgsgﬁﬁg?ng '@%E%Féﬁaofrr Q’?Bew th a
pr ogr ammabl ebutfers theldifferende béteveemumeciirspind becorat erlbadirdehistsf the above

t he programmabl e threshold th, th eak 21 detector 41 triggers the
cont Iroo'l guni t "eESIMES Of %Bfesg”ﬁfrlé’gﬁﬁPE I E1BPSITIAROE Heoremapper. anghibedet ect

indicator | §pudtlfe Bfecpiides@iatdtifg HBtedOl4 @ dwhit® i®Widdifie® accordingly

from the pattern matching detector 402 to accommodate the new demapper

15  position.

Fig. 14 schematically illustrates the structure of a phase-matching detector of

the receiver shown in Fig. 13.

20  Asshown in-Fig. 14, the multiplexer 40b receives a control signal from the
control unit 42 to output a signal | which carries either the locally stored
preamble symbols 38b or the sync symbols 39b. The signal lis output to a
Sliding correlator 37b and the phase offset tracker 401. The output | of the
multiplexer 40b is used by the multiplexer 35 in the phase offset tracker 401 for

25 phase offset compensation.

The sliding correlator 37b correlates the symbols f from the phase offset
compensator 4 with the selected symbols 38b or 39b, and outputs the number
of correlated bits to a peak detector 41. The peak detector 41 compares the

30  number from the sliding correlator 37b with a programmable threshold ¢4 . If the

number of the correlated bits is above the programmable threshold ¢4, the peak



respectively. 5 Wen, under control of the control unit 42, the nultiplexer
40b selects the preanble synbols 38b and outputs it to the sliding
correlator 37b, the sliding correlator 37b detects the nunber of
correlated bits between the phase-offset conpensated synbols f fromthe
phase of fset conpensator 4 and the prestosed preanble synbols 38b and
outputs this nunber to the peak detector 41. The 10 peak detector 41

detects that ,the, nunber is above.the pr ammab) e t hreshol th, and.
triggers thed%t(?ﬁfqro‘ﬁbﬁﬁp?r% S P HGB&J QUIRY %%%@BEE ‘i’%@%'&f’lﬂat‘?r ¥ the
phase of f set frafrRchGtectiplidalshijGathe @hhBe oMses faSkrAfo 1t Avd BBk ed Sync
synbols 1. However, when, under control of the control unit 42, the

mul ti pl exer BPestvel¥ts the sync synbols 39b and outputs it to the sliding
correlator 37b, and 15 the sliding correlator 37b detects the nunber of
the correlated bits between the synbols f fromthe conpensator 4 and the
prestored sywWhey rinaes c3ffrolasfihe @ohfrat anit ARstHeumRipldxer DS Reads dgs ect or

41. \Wen the {)eak detector 41 detects that the nunber is above the
pr ogr anmabl ePtaaBRIEAYMRAIS 3Bb and; gigeuts i itheceldingsorielator A7y thesliging a

frame detect  indicat ' t -ndLcatl: i.tionp.of a
sync word of C?ﬁgllagﬁf gr%%tbgtgttggf%t?%%fgci{f%%%? qlg%eéﬁgségpgﬁﬁgégéq?ﬁé Fig.
15 schemat i cadinpenbatestsyatbess f fronstheuphaseofifetaophpetisagorca angltaé prestbrddhe
phase- mat chi ng det ect or, whij i S |1 -known in the art and will not be 25
descri bed i np%@t"&l?lfa Sygpels #ﬁa ar”@c%ﬁ%?%thb%%‘é'?‘ BetP the Raak dgiscior dibdement s
al so i nglgude i hibedlis SO I SHon
Feedback déquglé?ggrgt%gl):@ d%tr?gwggﬁg?@gr 'S Isf n postlhtéieé)rr?g’@{ﬁr%{bll—élagﬁrgg@a and
13. 30 22 For, amktriggersthencentira uniti4htcaoutpgtialpreambpestatt indicaitorsitgnag ¢,

the signal from the output of .the timng recovery |oop 2 passes through
t he qual i zepﬁﬁ‘?‘? BBset tradker 484 mdlcaﬁng thegpresence of the prpeamgle/sync symbolsg

l. However, when, under control of the control unit 42, the multiplexer 40b

selects the sync symbols 39b and outputs it to the sliding correlator 37b, and
15 the sliding correlator 37b detects the number of the correlated bits between the

symbols f from the compensator 4 and the prestored sync symbols 39b and

outputs this number to the peak detector 41. When the peak detector 41

detects that the number is above the programmable threshold 1A, it triggers the

control unit 42 to output a frame detect indicator j to the buffer 6 indicating the
20  position of a sync word of the buffered data f for the higher layer

postprocessing.

Fig. 15 schematically illustrates the structure of a sliding correlator of the
phase-matching detector which is well-known in the art and will not be

25 described in detail here.

The receivers described in the above embodiments also include an equalizer,
such as a Linear Equalizer (LE) or a Decision Feedback Equalizer (DFE). The
equalizer is in position EA in Figures 3 and 13.

30



Differential Detector 3. The equalizer can have two additional nodes of
operation. In one node the equalizer operates as a synbol -spaced equali zer
5 (SSE) and in another node the equalizer operates as a fractional spaced
equal i zer (FSE). The SSE nakes use of the recovered synbol fromthe Timng
Recovery Loop, that is, it operates on sawles taken synbol -space apart. On
the ot her hand, the FSE does not operate on sanples that are synbol -spaced

apart, but r r..a f i : y . ce rt, .e.qg.half-s I
Space. 10 Thepere B Rehldbr ik s RS BRE b G o aLEom
provi ded perthespuitpat oSthartiringtreeovenyilogp Rarees thic@p. thé ReuakEs prasrs.
descri bed in_the above enbodi nents al so use of equalizers such as Linear

Equal i zers ( Pifereptimdigterion rdbgmaualizguean bave twordpitionabmogestafon 15 of
o : A T eated o Fi . |
the equal i 2-65%5%“5&- gﬁ%ﬁ%\o%ae g éd;.ta:ﬁ%gpf)ﬁéra?’e@ ?a?s%lﬁéérsgagggleqﬁagﬁrt he

i npl enentatio al 1 zer oper on st gna
out put ofs Di ($®Eprand ai abethec huodedthesspedizEhopergited he acoagipmnapbpiacetl The

synbol spaced data i roce d by the equalizer in front of the Demapper
5120 | ndust FRUAIZZHET SN 1S Shsmekes Heed for reraverehavmdel framsing Tenieur ¢

can be used %@P i | | uses a
differenti al F%g?\é%?/or or g%gﬁ%ﬁt%%ﬁ‘é%\;ﬂ@ I%§é@¥%ﬁ%§%0%' eé he
GFSK and QGvshenottiel handnthedhghwloesusd dperatBlaresaroplesahdt @8\syrisplesgdceel v.
30 23 The propgsed receiver architecture can be applied. to any burst

packet tran@ﬂg‘gsﬁ’%ﬁa _taeﬁ?‘ftfﬂﬂ Oé%ﬁW#ESWWE’n‘ggéﬁ?ﬁ'mﬁ@laﬁﬂ%ﬁ: The
recei very of THerdtbRSIE HakedMR bidbtH lintehFdsted Suth L AESRH RS BviRbdd e eanbl e

5 and/ or synchroni zati on sequence at the start of the transm ssion.
symbol span by the Timing Recovery Loop. :

The receivers described in the above embodiments also use of equalizers such

as Linear Equalizers (LE) or Decision Feedback Equalizers (DFE). The location

15  of the equalizer is EB as indicated in Figures 3 and 13.

For the implementation with equalizer operating on signal f, the signal from the
output of Differential Detector 3 passes through the compensator 4. The symbol
spaced data is processed by the equalizer in front of the Demapper 5.

20

Industrial application

25 |
The receiver described in this disclosure can be used with a Continuous Phase
Modulation (CPM) scheme which uses a differential detector for demodulation.
Two key examples of CPM are the GFSK and GMSK modulation schemes
used in Bluetooth and GSM respectively.

30



One application is in the inplenentation of a receiver conformng to

Bl uetooth Medium H gh Rate Draft Specification VO 5. In Bluetooth Hi gh
Rate Draft Specification VO 5, an 8 synbol preanble sequence which is
repeated over 9 10 tinmes constitutes part of the preanble. A 16 synbol s
synchroni zati on sequence precedes the preanble sequence. |In Bluetooth

Medi um Rate Draft Specification VO 5, a 16 synbol synchronization sequence

precedes the ayl oad., 15 The des bed enbodi are _al so ver

advant ageousTp% %Vscegsﬁecefvc?\ﬁlaﬁ%‘v(%p UrE SRS EPB e‘ﬁl\for@'i“éggr%@ra%ﬁ | area
net wor k appl irgeér@afon dyitememar sBRsbraRROPSROLAd TEAVIFhSQuINESY, advant ageous
in Tinme Division Miltiple access (TDVA) or Tine Division Duplex (TDD)

comuni cations 20 systens that operate on burst node where fast carri er

acqui sition q@%j r LOYD W.SE 24 CLAlMS
Adigital r agﬁo i ecgéeéethetq?és%mﬁ\? A H@&eggg% @leng%ql%ogalﬁrgmmle

di fferents al anqlvbasynd’imhtzalﬁebnlsegudn@ htthd @ frtRE lanemisfi@RPri sing: 5 a
filtering and tim ng recovering neans arranged to recover a received signal

to produce timng corrected synbols; a differential detector arranged to

i di f f ' id
et oot od synEhfardibaie &b ﬁée@%e‘s”%t%z@b&%ﬁ R bR BB s ot o
for a phase Médiﬁrﬁﬂ-ﬁgh|Ratem¥atteSpmm&Jétmyim55Irt Blmwhdﬁ%nmﬁ@ D}bﬂfoet t

ase 0 sSe

conpensat ed S g ?@dfba d co r arranged to decode t
conpensat ed §ﬁ‘ﬂ Fation ian Qhrreaplesiequenee Whighelsi rﬁgeatﬂsi oYefithg
recoverimng NBABS HABRILISEPan off‘tillé Sfeﬂn%lbaﬂg%js%ﬂbf)ls' dyPentdiz ARl rrbanal
to provide a filtered recelved signa

precedes the preamble sequence. In Bluetooth Medium Rate Draft

Specification V0.5, a 16 symbol synchronization sequence precedes the

payload.

15  The described embodiments are also very advantageous in low cost, low power

consumption wireless personal area network applications.

The described embodiments are also very advantageous in Time Division
Multiple access (TDMA) or Time Division Duplex (TDD) communications
20  systems that operate on burst mode where fast carrier acquisition is mandatory

for proper operation.



15 timng recovery nodule for receiving the filtered received signal and
producing the timng corrected synbols. 2. A digital radio recgigsgfwise
according to claim1l, wherein the received signal conprises preanble
sequences and sync sequences. 20 3. A digital radio receiver according to
cfaim1, wherein the phase offset conpesgsation nodul e conprises: a
pattern-matchi ng detector, a phase offset tracker and a nmultiplier,
wherein, 2gptAimpattern-matching detector is arranged to trigger the phase
of fset tracker wupon detecting a pattern-matching between the bit stream
and a pre-stored bit pattern; the phase offset tracker cal cul ates an

aver age value of se offset, and. the multiplier multipli.es the

det ect ed sy1r'rbol ééﬁﬁﬁp{ﬁo Eﬁfgf\;e eﬂ\?acﬂgléald?gltol{gceggr bﬁ'é‘gea M’?@e@ ?E?’&‘/'F'_H d

t he phase (pihﬁasetshtfbk@,&ﬁ?diml FaID Pk Goiver EYRAPWERG: 25 4. A digital radio
receiver according to claiml1, wherein the conpensation nodule conprises:

a phase? matHieiHaRAEINIG regoperrg meansarranasdiderreanera rmaeivesl sigral to
wherein, 5 8&%9@@5%@@39%‘3@” is arranged to trigger the phase

of fset tracker upon “detecting’a pattern-matching between the phase offset
conpensat ec diffetsoitial detedtar gurangstdogutrfoymb diffeperntizd detedtioa grhthectimings et

10"the mul CORFRRD PenBoR I peoee SRR EFIMBRE dot et ed symbals with the
2;% g?: vl pitasef offdet cehisensalibn Alodule virahged 6 coRpefsale Bfh pgHuseensat ed

10  offset in the detected symbols to provide phase offset compensated symbols;
and
a decoder arranged to decode the phase offset compensated symbols into bit
streams; wherein the filtering and timing recovering means comprises a filter
arranged to filter the received signal to provide a filtered received signal and a
15 timing recovery module for receiving the filtered received signal and producing

the timing corrected symbols.

2. A digital radio receiver according to claim 1, wherein the received signal
comprises preamble sequences and sync sequences.

20
3. A digital radio receiver according to claim 1, wherein the phase offset
compensation module comprises:

a pattern-matching detector, a phase offset tracker and a multiplier,
wherein,

25  the pattern-matching detector is arranged to trigger the phase offset tracker
upon detecting a pattern-matching between the bit stream and a pre-stored bit
pattern;
the phase offset tracker calculates an average value of the phase offset; and
the multiplier multiplies the detected symbols with the average value of the

30 phase offset to yield the phase offset compensated symbols.



5. Adigital radio receiver according to claim3, wherein the LLOYD wise
pattern-matching detector conprises: a first nultiplexer, a correlator, a
peak detector, a control 15 unit, wherein, the first nmultiplexer is
arranged to select pre-stored preanble bits or sync bits wunder control of
the control unit; the correlator is arrgnged to correlate the bit stream
with the selected bits and vyield an output representing the nunber of

correl at ed &WélgthIQaHIErdé%Nér%ééﬁﬁ td Slaih F2WBBFLiA & CBRPERAshTsH out put
fromthe correlator with a threshold and trigger the control unit if the

output is M&etcﬁmmﬁleéshol d; and the control unit is arranged to output

2o eat o RGeS, B R B RS Eh il 2o LeaBﬂase

of fset traskmrein25 6 A digital radi o recei ver according to claim 3,
det ect or corrprl ses: a first_rmultiplexer,

wherein_th t er n- mat chi

second ful th 5 %Pbm m%tcewgr%gﬁ%ter Is gfrangedtodsigger e pf@%?o?ﬁseértraﬁﬁe& upon
wher ei n, t G, rrbl e
bits or sync% {@agg{tﬁﬂﬁ‘gﬂé‘r%@ﬁ% Be %f t%g)iééreltsﬁ) ?E(r)u [p%n§%fér rnlr%e ator is
arranged t @anda ped-stosed Byembot patlteream with the sel ected bits and vyields an

out put rep senting.t he nber of corre LLOYD W S 6, t he peak
dot betor | NS PRaRE BISEEraR N aftenGSd Id pACRIS AN BveradR Fale AL the.phres

t hr eshol d dffdet;'dn@oer the control unit if the output is above the

threshol d; and the control unit is arranged to output a preanble detect

i ndi catlBr tﬂ@e multy@@r ig ﬁ@angﬁ@&en‘éﬂtﬂ@bthq delertad symabelswithothe avesagecond
out put o AL FEETARRREFIEEM s ARG PR ed I e Cor di ng
to claim4, wherein the phase-nat ch| ng
5. A digital radio receiver according to claim 3, wherein the pattern-matching
detector comprises: a first multiplexer, a correlator, a peak detector, a control

15 unit, wherein,
the first multiplexer is arranged to select pre-stored preamble bits or sync bits
under control of the control unit;
the correlator is arranged to correlate the bit stream with the selected bits and
yield an output representing the number of correlated bits;

20 the peak detector is arranged to compare the output from the correlator with a
threshold and trigger the control unit if the output is above the threshold; and
the control unit is arranged to output a preamble detect indicator to trigger the
phase offset tracker and control the first multiplexer to output the selected bits
to the phase offset tracker.

25
6. A digital radio receiver according to claim 3, wherein the pattern-matching
detector comprises: a first multiplexer, a second multiplexer, a correlator, a
peak detector, a control unit, wherein,
the first multiplexer is arranged to select pre-stored preamble bits or sync bits

30 under control of the control unit;
the correlator is arranged to correlate the bit stream with the selected bits and
yields an output representing the number of correlated bits;



detector conprises: a multiplexer, a control unit, a sliding corLg({)ator and
a peak detector, wherein: 10 the nultiplexer is arranged to sel WISE
pre-stored preanble synbols or sync synbols under control of the control
unit to provide selected synbols; the sliding correlator is arranged to
correlate the selected synbols with thezgphase of fset conpensated synbol s
to yield an output representing the nunber of correlated bits; 15 the peak

detector i &hebéaraqrefbdt@r IS IR, dttBQ:o%Bé?Htthé Bt ARt trtedbmersﬁfr g@{rﬁé or

with a threshold and trigger the control unit I'f the out 'S ove
t hr eshol d; thr@rstldr@d:tﬂggeoIthemomtrmsrmtrlf thegautpubis@boyetthe trprresholdl; andet ect

I ndi cat or of f.set nd_control nmultipl exer
to output e cRFEIutRBRBIRY o33 2 hiEthhte siBrotdatorPr oo they
digital r aqhhraseexﬂset/ﬁacm@mjd:drﬁrdlgtt@ Sedbnd MUltipleXdeitd selldeh Pré-stdiedphase

of f set tracker conprises: a conplex con*p@gate operator arranged to conpl ex
conj ugafe tPheamBlez¥nabol %E§Y§9rﬁymb§’|tt%°\é fethephang offatd@ckombol ; a first
delay unit arranged to delay the conjugated synbol to provide a first

del ayed synbol; a multiplexer arranged to sel ect a phase offset conpensated
synbol froﬁ’t AndigitalTad® rectiver acooning tt ¢laim Apaherein the phabé—erﬁayhmgdata from
t he patter 3‘3 mat ching detector to provide a selected synbol; a second
del ay unit ?lg‘é%[nPB lay the sel ected symbol to provide a second

del ayed syréhﬂhrtr Iéx@be %ﬁﬁor it, @ i cd%lhto?'a'n%fa a{eé@aer&térog/ﬁ!é'réitmp' y the
first del ayed synbol h the second " del ayed to provi I rst

product® the multrplexer is arranged to select pre- stored preamble symbols or sync
symbols under control of the control unit to provide selected symbols;
the sliding correlator is arranged to correlate the selected symbols with the
phase offset compensated symbols to yield an output representing the number
of correlated bits;

15  the peak detector is arranged to compare the output from the sliding correlator
with a threshold and trigger the control unit if the output is above the threshold;
and
the control unit is arranged to output a preamble detect indicator to trigger the
phase offset tracker and control the multiplexer to output the selected symbols

20 tothe phase offset tracker.

8. A digital radio receiver according to claim 3 or claim 4, wherein the phase
offset tracker comprises:
a complex conjugate operator arranged to complex conjugate the detected
25 symbols to provide a conjugated symbol;
a first delay unit arranged to delay the conjugated symbol to provide a first
delayed symbol;
a multiplexer arranged to select a phase offset compensated symbol from the
phase offset compensation means or preamble/sync data from the pattern-
30  matching detector to provide a selected symbol;
a second delay unit arranged to delay the selected symbol to provide a second
delayed symbol;



an average val ue operator arranged to obtain an average value of the first
product. 5 9. A digital radio receiver according to claim8, wherein the
average value operator conprises a second nultiplier, a sumver, a devyaywge
unit, and a third multiplier, wherein: 10 the second nultiplier is
arranged to nultiply the first product gfth a first paranmeter to provide a
second product; the third nultiplier Is arranged to nultiply an output from

the summer aNirsPrailtiphef AREngad A RiLiply thePfiRY bRy dtyhitshl Wi tse del ay
unit is arra;lged tgﬁl n? ?ro duct toygr osgl dBeB I@?“Syenglegnal

15 and the dﬁﬁﬁ@érswnéb@rtﬁ@rﬁ@édetadlf%mwkiét second product and the del ayed

coording () Aekre YARERLART iR 0 Sppah Bt sBags B8 STEE T ngen 1o

stop cal culpaddwst. when the pattern-matching detector detects the
pattern-matchi ng between the bit streanf phase of fset conpensated synbols
and the5pre-stored sync word. 11. A digital radio receiver according to

claims, f l@f%"@pltél(}%fd FcBf/ef aQHI)rfd‘ﬁ{g[ torclaith BARBEFLi é?h%ﬁgléggte;\fb‘??@' t streams

fromthe decoder” for the use in processi ng adi o
receiver a@oeraibngompnseaaraemndumlaaltlplner aﬁsammdale apdelag unit, amd althing det ect or
I S arrange detect a pattern-matching between the bit 30 stream and the
pre-stored "%@Jﬁeledlts the control unit of the pattern-nmatching detector

out puts anwhépgindet ect indicator to the buffer indicating a position of a

sync word in the buffered data. LLOYD W SE
10 the second multiplier is arranged to multiply the first product with a first

parameter to provide a second product;

the third multiplier is arranged to multiply an output from the summer with a

second parameter to provide a third product;

the delay unit is arranged to delay the third product to provide a delayed signal;
15 and

the summer is arranged to sum the second product and the delayed signal to

provide the average value.

10. A digital radio receiver according to claim 3, wherein the phase offset

20 tracker is arranged to stop caldulation when the pattern-matching detector
detects the pattern-matching between the bit stream/phase offset compensated
symbols and the pre-stored sync word.

11. A digital radio receiver according to claim 3, further comprising a buffer
25 arranged to buffer the bit streams from the decoder for the use in

postprocessing.

12. A digital radio receiver according to claim 11, wherein when the pattern-
matching detector is arranged to detect a pattern-matching between the bit

30 stream and the pre-stored sync bits, the control unit of the pattern-matching
detector outputs an sync detect indicator to the buffer indicating a position of a
sync word in the buffered data.



28 13. A digital radio receiver according to claim4, further conprising a
buffer arranged to buffer the phase of fset conpensated synbol s.fi?(g%p/z
phase of fset conpensator for the use of the decoder. 5 14. A digi %F o
recei ver according to claim13, wherein when the phase- matching detector
is arranged to detect a pattern-matchi nggbetween the phase offset
conpensat ed synbols and the pre-stored sync synbols, the control unit of

t he phase- matchi ng detector outputs an sync detect indicator to the buffer
10 indicating the position of a sync word of the buffered data. 15. A
digital radt Ardlgéal/@dlfatﬁnﬂi\cﬁrm}cotdingmoﬁim Ayt hza'rrt:clnhmI iﬁm%mr?{ff:efcovgry
nodul e co ' : ' rarranged tq interp te e fi e

sanpl os. anc st L e RS orEEf Gatbens gt SurbRfiomhaphaspaiset

det ect or arcomg@Etsator foeties as€ ofitHe dédt@err r or signal dependent upon the

I nterpol ated signal; a loop filter arranged to snooth the timng error

si gnal 0 provide a filtered timng error signal; 20 a cont[ol ler arrfin?ed
to process i | 11 . S| : C ol signal to
confr ol the{‘ii?%fgl gg egt%gor F%?@t%&%@*rﬁgggggngét %ﬁ%’ﬁé’?’ﬁ’}ﬁ% hass(?_rrect ed
synbol s. 16mnatehiigyetertor islaoanged to deteat a patteng maicitingibstweetifies phasd he

ym ! v detes : | ot
| nter pol at BYBahETRDEBRARASTUAT ot 166 BretorRe SYBaEHIPOIS, HegodloPh 8t od
sanpl es; a glené PRaSS- mbf@ﬁwﬁe&%t&%mﬁa%ngsﬁﬁétéeﬂiHSic‘a‘Rgftg?ﬂtigﬂyﬁ ; I es

into timng corrected synbols; 30 a ma ter arrange er the
ti m ng l8or redicaling thebpositiomopa syndavard lof resbuffered data.

15. A digital radio receiver according to claim 1, wherein the timing recovery
module comprises:
an interpolator arranged to interpolate the filtered samples and output the timing
15 corrected symbols;
a timing error detector arranged to generate a timing error signal dependent
upon the interpolated signal;
a loop filter arranged to smooth the timing error signal to provide a filtered
timing error signal;
20 acontroller arranged to process the filtered timing error signal to obtain a
control signal to control the interpolator to interpolate and output the timing
corrected symbols.

16. A digital radio receiver according to claim 1, wherein the timing recovering
25  module comprises:
an interpolator arranged to interpolate samples of the received signal and
output timing corrected samples;
a decimator arranged to downsample the timing corrected samples into timing
corrected symbols;
30 amatched filter arranged to filter the timing corrected symbols to provide filtered
symbols;



symbol s; LLOYD WSE 29 a timng error detector arranged to generate a
timng error signal indicating the timng difference between t heL@ e WiSker
sanpling clock and the transmtter sanpling clock dependent upon the
filtered synbols; a loop filter arranged to snooth the timng error signal
to provide a filtered 5 timng error sjgnal; a controller arranged to
process the filtered timng error signal to obtain a control signal to

control the,i
Sompl os. 18 S SRR Beflotb Pl AGE R Gfordia BHiify brib SighialIieatR@ithe sl od |
control | er timirypiffeserce lostweddethe recauértsaanplmg clacldandehemaesmltm” egi ster,

and a control signal enerator vwhﬁ@ % Is arranged to sumthe
filtered tﬁﬂﬁnﬁbn@Pk@k P&HQF“BHEP% et s % icient to provide a sum
15 the subgr fifier & @es%bethsmettrnﬁﬁg rit? R siyiial ts provide auitersd of t he
register to rOVI erence signal ecrenenter is arranged to

decr eas® t timimly efror elloel SI gnal and send an underf | ow signal to the control

L0, 0SS bt BT D PR o,

on recei Vi ggnirdiesigralas ‘dorvopingraterpditorAo titgipoidteraadi outpatthevtéemingccor di ng
to claim16, wherein the controller conprises: an adder, a subtractor, a

decrenenteﬁorfacﬁedgi%mé'ﬁs and a control signal generator, wherein 25 t he
adder is arranged to sumthe filtered timng error signal and a pre-set
coefficient to provide a sum the subtractor is arranged to subtract the
sum f r o ar7oAtdigital shdiohreceirgr atesrding to claim 15, wherein the controller

comprises: an adder, a subtractor, a decrementer, a register, and a control
signal generator, wherein
the adder is arranged to sum the filtered timing error signal and a pre-set
coefficient to provide a sum;

15 the subtractor is arranged to subtract the sum from an output of the register to
provide a difference signal,
the decrementer is arranged to decrease the difference signal and send an
underflow signal to the control signal generator when the result reaches zero;
the control signal generator is arranged to generate a control signal to the

20 interpolator on receiving the underflow signal.

18. A digital radio receiver according to claim 16, wherein the controller
comprises: an adder, a subtractor, a decrementer, a register, and a control
signal generator, wherein

25  the adder is arranged to sum the filtered timing error signal and a pre-set
coefficient to provide a sum;
the subtractor is arranged to subtract the sum from an output of the register to
provide a difference signal;
the decrementer is arranged to decrease the difference signal and send an

30 underflow signal to the control signal generator when the result reaches zero;
the control signal generator is arranged to generate a control signal to the

interpolator on receiving the underflow signal.



provide a difference signal; the decrenenter is arranged to decrease the
di fference signal and send an 30 underflow signal to the contrdJLosrbgﬂg}E
generator when the result reaches zero; the control signal generator IS
arranged to generate a control signal to the interpolator on receiving the
uhderfl ow signal. LLOYD WSE 30 19. A dogital radio receiver according to
claim1, further conprising an equalizer coupled to the timng recovering
nodul e arranged to equalize the inter-synbol interference of the timng
corrected synbols. 5 20. A digital radio receiver according to claim]l,
further con%‘?-i%ﬂlﬁl@abﬁﬁdéqt%qeilwraccctdjm taickaimt1h furthermomprising an Eupmtizef f set
Compensal | A BRI ARG Lcb oy ifinLS ah3Robl S botdi ine ey Rissi e
interference of the timing corrected symboils.

20. A digital radio receiver according to claim 1, further comprising an equalizer
coupled to the output of the phase offset compensation module arranged to
equalize the inter-symbol interference of the phase offset compensated
symbols.
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