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| Frequency offset estimation for DPSK *@00002* Field

and met hodTor 1 equency of oot s st i mattontor cuumNIIANN

signals. Particularly, but not exclusively, the *159159*
invention relates to an apparatus and method for
frequency offset estimation for 4 DQPSK signals.

Background of the Invention 10 Phase shift Keying || 1IN

(R ey AR SR

nodul ati on sche used Tn Wrte
communi cation. In DPSK (including variations DQPSK -
Ipigegﬁ{}t' al adrature Phase Shift Keying and DBPSK
21819 Pt K1 VeNUOE) - phase Shift Keying), the phase of
- i §CT e n [
AR (otod R pnpatalsPantonidgd’ 81 ERghofey offset
estisnationa faro PRSGIC ssignals. Pacticidarly, blauitngot rexckusiviel\e dtheOirerention
blemw th digital cqmunjcatjon_in gener IS the
Pl o aphanayS aifoiehed i nfiaRySnchenTsatcepmation for
and de-nodulating a digitally nodul ated signal, an
EQQ%K&QW‘@@ ica of the received carrier frequency is
used to recover 20 the signal. ldeally, the
transmtter generates a carrier signal that exists at
sone known frequency and the received signals are
Backgresnstef theclnventiome recei ver using the same known

u . ve p\naccuragd es_,in e tr i tLter
R KM CRaR T SR Aftsfntlal, Bhene SRREckeGho (DPSK)
reogylbtion Jvhehdid aré agidely USed an rwiesless rem@DAMation. In DPSK
offsets. |If the frlgguency of fset is excessive and not
S

f
(Neycing yapistiersBiaRakey Diffaientia rQuadrative BhaseShift Keying and
| C . Cainal s a
PSR, Derthl, BREARRE S5 KA 18 bR, ol i
diseretdly vadepdnsmiatibnt to they phhas of| the kiatnédiafely (prbesding signal

th I, ved i ti ly t ked f
IPBEOERR) "EreSaHaneF WIER dala BRMGUFATIRUERG {1 quency

estimation (where the frequency offset is

*G00002*

One problem with digital communication in general is the residual frequency
offset. In summary, when receiving and de-modulating a digitally modulated
signal, an estimated replica of the received carrier frequency is used to recover
the signal. ldeally, the transmitter generates a carrier signal that exists at some
known frequency and the received signals are then demodulated at the receiver
using the same known frequency. However, inaccuracies in the transmitter and
receiver oscillators, along with the effect of Doppler Shifting, result in carrier
frequency offsets. If the frequency offset is excessive and not suitably
compensated, the performance of the demodulator will be degraded and the

original signal may not be recoverable.

Residual frequency offset is usually compensated for by phase locked loop
(where the received carrier phase is continuously tracked for frequency offset
compensation) or forward frequency estimation (where the frequency offset is

estimated at regular intervals). Frequency estimation can be simplified by using
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estimated at regular intervals). Frequency estimation
can be sinplified by using 2 DBPSK, DQPSK or 4 DQPSK |,
as only a small phase difference between two adjacent
synbol s affects the synbol decision. This phase
difference corresponds to the frequency offset. s In
4 PSK, the phase of the carrizer can take one of four
values (" , 3 44 4" and 4 ) and thus two bits can
be represented per synbol. The system described in
DERPKoRQAP$K ary—BHARBKSyas enty, a AR shaseldifibrendée baiveen two
4.0, February 2603, uses 4 DQPSK nodul ati on to achieve
adfadehps simbdfs € I I adyvan % Lon ..
R ano o por, ooy e BTbIM BRI THs (e " difterence
conrgsperdetodhedrequansy afiset.t ude Mbdul ation) and 64 QAM
(64-state Quadrature Anplitude Mdul ation) are
introduced to increase the transnmission rate from 32
kbps. to 64 kbps and 96 kbps respectively. 15 QAM
'fésgi?rﬁ*gathey phﬁ%leeﬁ‘eaF@@pleifn@afbé@Rﬁ ohe phicer saleshe” i
anplitude of the carrier signal so that more bits chn 4
bertransngtted per baud. The space di%gran1 for 16 QAM
T3 AMusyT 488d this o bite can dedepreseatedpessymbohat ,
since there are 16 (= 24) possible states, 4 bits per
synbol can be represented. Since 4 DQPSK is only able
Tbo %ggresent 2 bits per synmbol, using 16 QAM provi des

e Atem deseribact inakbersasiabilandyt £hione. System”3 ARIB Standard,
to 64 kbps. The space diagéan1for 64 QAM is

Viersios ¢4 &t BebruanF2008 eugesAdDOPSK ndtul SRS td BBhievsi 3 Rbps in
there are 64 (= 26) possidle states, 6 bits per

can,b P d, 1. S RpLOVI de t hree fold
B o o 2 ok e PR vor B O TanseR Fasoaiel KifpBey Phone
Systelbps6 QBMIh¢1Gbiatte Quadrature Applifliae KddaRERA) and 64 QAM
@sr%?nadqﬂ}-gggir Pg&}e, stemis shown in Figure 3. The
(@4-state Jpadadre Aaplitegpddodulation) are dntrodeced do imerease the
Ti me) Sé@’m%?%ﬁgr%ﬁgﬁﬁ%?ﬁ?@si PG5 KBhs FerdROEl. (of
a given nunber of synbols) where nothing is
Qtﬁ{l\ﬁnéc‘ége'ﬁttigﬁiy irt'n(/)olves altering both the phase and the amplitude of the
carrier signal so that more bits can be transmitted per baud. The space diagram

for 16 QAM is illustrated in Figure 1 and it can be seen that, since there are 16

(= 2*) possible states, 4 bits per symbol can be represented. Since %DQPSK is

only able to represent 2 bits per symbol, using 16 QAM provides a two-fold
increase in bit rate i.e. from 32 kbps to 64 kbps. The space diagram for 64 QAM
is illustrated in Figure 2 and it can be seen that, since there are 64 (= 2%

possible states, 6 bits per symbol can be represented. This provides a three-

fold increase in bit rate over %DQPSK i.e. from 32 kbps to 96 kbps.

The slot structure for the Advanced Personal Handy Phone System is shown in

'Figure 3. The slot comprises the %DQPSK preamble, a stream of 16 QAM or
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hel p conbat intersynbol interference. 5 16 QAM and 64
QAM nodul ations require an estimation of the frequency
offset, and a relatively snmall error in frequency

of fset estimation will nean a big phase error over
the nunber of synbols in the slot, as follows:
Phaseerror = AF 360 NSYM Synbol Rate 10 [1l] where
the phase error is the fixed phase offset error in the

B4e@AVD 5 PbaRCAH A MQWYGW%WWQSSMEQS BThe guard time is

frequency offset estimation error of
%&@ﬁﬁn@r\/% (oh acgjven insinier] of wmbcéswwhege obthiry is transmitted, to

%5%@59%?&2@{%' @Fer%reilmgg and a synbol rate of

rror of 18.7 after 100
synbol s or, putti ng it another way, a phase error

e n I 1875. It, can be seen clearly
18 QARERRd A-CARL fiecblations retie 58 astimatio & dhentoaency offset,

0 SRS i S VSRR i EMBLAVET G £ prse

eMtooveatta membanohgymbolkrie the sioy, assfollowsi on i s
required to achieve acceptable bit error rate (BER)
performance for 16 QAM and 64 QAM Consi der the prior
art arrangemept shown in Figures 4a and 4b. Figure 4a
Plmsedroms =t-he—pfi-e+ 360 - Nignsm ssion side and Figure 4b
shows the %’Mb@FRﬁfet receiver side. Both Figures At]
and 4b relate to 4 DQPSK nodul ation. Referring to
Figure 4a, a nessage 401 is represented by a nunber of
synbols k. Renenbering that for 4 DQPSK, two bits can
be transmtted per synbol, it 4 makes sense to define

whege t‘rmJtpHajseareyrodatsa the #iXdd pibeYOffset Témrbinmame waveform
data i s nod l}lated i n podul ator 403 as: 5 | (k)=I(k-1)

acedmulatesoNer Newy symbolsawith fegavency xffept estimation error of Ar.
Q k) =Q k-1)cos{A (X(k),Y(k)) } + 1(k-1)sin{A

(X(k), Y(k)) }

For example, with equation [1], a frequency offset estimation error, Ar of 100 Hz
and a symbol rate of 192 kHz will mean a phase error of 18.7 after 100
symbols or, putting it another way, a phase error between symbols of 0.1875'. It
can be seen clearly from Figures 1 and 2 that both 16 QAM and 64 QAM will
be sensitive to frequency offset estimation error but that 64 QAM will be more
sensitive than 16 QAM. Thus, a fine tuning of frequency estimation is required
to achieve acceptable bit error rate (BER) performance for 16 QAM and
64 QAM.

Consider the prior art arrangement shown in Figures 4a and 4b. Figure 4a

shows the prior art transmission side and Figure 4b shows the prior art receiver

side. Both Figures 4a and 4b relate to %DQPSK modulation.

Referring to Figure 4a, a message 401 is represented by a number of symbols

k. Remembering that for Z—DQPSK, two bits can be transmitted per symbol, it
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[2] [3] where I(k) is the inphase conponent at synbol
k, Qk) is the quadrature o0 conponent at synbol k
and Ap(X(k), Y(k)) is the phase difference based on
the binary data X(k) and Y(k). Wen X(k) = Y(k) =0
AD = 4 When X(k) = Y(k) =1, A(p 3_ 4 15 When X(k)
0, Y(k) =1, AC= 4 Wien X(k) & Y(k) =0, Lp = 4 Sone
sort of frequency offset O f is added at operator
rﬁélf&sksé%(k_% d%ﬂg%(gf%‘r’\fﬂbpﬁ F%aryaﬂgt %é% YRk). 9 bithry data
lated in-pRdulatp( #93@k- 1) cos(27rA f t + AP) +
I(k 1) sin(2irAft+Op 25 where AP is the phase offset
error. [4] [5] 5 It can be _seen that, when there is
zero frequency of fset (Of = 0) and zero phase offset

ryor = 0) ( econes | (k-1) and becones
IZk)vl_[()’f—ul eosmaéxék);&zk )ﬁo ad@(kn—cb)mh?zsm{é’s(le ) )5
bet ween one synbol and the next. 5 Additive V\hl te [2]

Gaussi an Noi se (AWGN) i s added at operator bl ock 407
and the eventually transmtted signal is represented

sl R IHE S Tt U AV R
Proakis, Digital Cormunl cations, "Chapter 6: Carrier
and syrrbol synchroni zation," McGawH || |nternational

Edi tions, Singapore, 3rd editi on,
where (k) is the inphase component at symbol k, Q(k) is the quadrature

component at symbol k and Ae(X(k), Y(k)) is the phase difference based on the
binary data X(k) and Y(k).

Vi

When X(k) = Y(k) = 0, Ao = 7

-3z

When X( = Y() = 1, A= =7

3

When X(k) =0, Y(K) = 1, Ao = =%

T

When X(k) = Y(k) = 0, Ag = —T

Some sort of frequency offset A 15 added at operator block 405 giving new I¢(k)

and Qx(k), as follows:

1,(k)=1(k-1) cos(2mA t+4,) - Q(k-1) sin27a 1+ 4,)
[4]

Qf(k)=Q(k—1) cos(27zAft+Ap) + I(k-1) sin(ZﬂAft+Ap)
[5]

where A is the phase offset error.
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1995. The received signal is represented by Ir and Q
and we assune that Ir and @ 15 are digitized and
contain frequency offset (which we are going to
estimate) since they have passed through coherent PSK
nodul ati on. Referring to Figure 4b, bl ock 409 perforns
differential detection of one synbol 20span i.e.
bd(k)=1r(k)Ir(k-1) +Q (k)Q (k -1)[6] Q(k)= QQlr(k
-1) -1r(k)@(k -1)[7] 25 Block 411 perforns a
frequency correction using a previously estimated

lvedrube seéntihat, ivheautharyisalers lequehcy offéetsing= @) and zero phase
frequency offset estimation algorithm to ‘conpensate

dffeet efrer (AT fe0Rni(kpbectrhes (ko) amd Qik) becoméHCrK-1) i.e. there is
correction is perforned on the differential detection

reuAdditiond phade Ghifbeeerooi@bymbokanetiyneitf set
error. The correction performed in block 411 is a
first stage of correction. 30 6 I, (k) =1d (k)

A 7 . 1 + f H 7. 1 —_
SRIRRTIES Gl g PN AT Al i fo Pt e
aventualy tedrisemitiéd aignatid repredented be i@, of f set
estimation correct may be to set Af' = 0. This is

desc_ri _bed in U_S 5,574, 399 - Coh_er ent PSK detector not
F&g&’ﬂé' 4p %Hﬁ%ré kBOWhEFSY &S ¥stifi8td ARG ‘2:\6ﬁ%cfi’éﬁeeﬂeétt1é‘ﬁnca/yoffset, as

tting the frequency offset estinmation corre
desctibed e Pxoakisa Digited CammmumicatioapptCixaptat €t YCarler and symbol

Py e M S SR BB A R Riagoreq " edition
dgmersity receiver. The pre-correction in block 411

reduces the possibility of the signal erroneously
droppi ng into the nei ghbour quadrant in the x-y

oordi nate.. which incre sti,mation accuracy., This
T el siofAL IreniSt e by, b angr G 50 otig &sstifil that'toand a
are digitized and contain frequency offset (which we are going to estimate)

since they have passed through coherent PSK modulation.

Referring to Figure 4b, block 409 performs differential detection of one symbol

spani.e.

L,(k)= L), (c=1) + Q.(k)0,(k-1)
[6]

0,()= Q. (). (k=1) - L,(k)0,(k-1)
7]

Block 411 performs a frequency correction using a previously estimated value
of the frequency offset A ', (using a frequency offset estimation algorithm) to
compensate for the differential detection output i.e. this correction is performed

on the differential detection output Iy and Qg which contain frequency offset
error. The correction performed in block 411 is a first stage of correction.
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15 frequency offset error to wthin a quadrant (2)
before we performfiner frequency estimation. Block
413 perforns decision based rotation to produce In and
M. This is illustrated in Figure 5. Block 413 uses
hard decisions for the | and Qsignals to 20 rotate Ic
and c towards the x-axis of ahe first quadrant. Thus,
if the signal is originally in the first quadrant
= [ ¢l o j il L, pe required. If the
é”ie’ag)naﬁ(?)saooz%i’zgl I+y %m)ﬁgl(%dokd quadrant (B), a 4
rotation clockwise will be required. If the signal is [8]
originally in the third quadrant (C), a 4 rotation
| ockwi (equivalent tg a 4 rotation anti-cl ockw se
éé/?)sﬁ&mmﬁw@ﬂk; 5) lm'k)silﬁzﬂm)ék§equi red. If the
signal is originally in the fourth quadrant (D), a 4 [9]
rotation 7 clockwi se (equivalent to a 4 rotation
anti-clockw se as shown in Figure 5) wll be required.
AXoingial Betbriphas inSL
1DQPSK 4r_“‘s"'§st GOMMGHAR (Ricichty °¥f§éﬁ§5§'e£"d?ﬂ¢§#%¢tﬁ'ﬁa§ pe to set
A i€l Odedhiso is lescebeéd SpndBI §,574i39% speiherentoPSkhelietector not
quadrant, can be conpared with a single value at the
re@uting sagaspeconery. shmiinpfoves amnppﬁpﬂéﬂtiﬁgﬁheTreﬁ]de%EWoﬁset
e four (in the

" deci si on" f t ft

egtiof “oirBeEpun) bp el 4 Ala adheesies Dk eparAmaisly the righ
igg. A I , Si I b ted b

BR80Ty (heSERIB 1 NS o9 dhdeoddiaiat Hemoduiator, maximum.

veRRSIctddtat i HEGhy irSceiddy Cl osest to the signal in
terms of distance. In ?act , instead of using hard

decisions, to rotate the signals, known signals

r I . can, be. u ut, .Jjn that case, the
T@%pﬁ%ﬁ@f%@}gﬁm é‘h‘?ﬁﬂf"é&cﬁér‘if‘e RegsIBility, of theosigaahergoneously
dfapping idtol theMaihbblAlgualdfsiteiRdtHel xS et Ofhich i
si%ﬁa to 15 thgﬁ‘cl ostggtaugﬁgrlgi tnh%t )e(zcyion ?@éﬁg}e’ %'Ch Increases

egtinatien |aacuscy. wehis dephecauset this Iteprieanblattempthto reduce the
whi ch the signals are neant to correspond. In PHS, the

freneemdyt exffsat eerrdrr apswithined afuabifghtbe8NBLRFeOlve! Berform finer
slot (see Figure 3) and are nodul at ed "by

frequency estimation.

Block 413 performs decision based rotation to produce I, and Qn. This is
llustrated in Figure 5. Block 413 uses hard decisions for the | and Q signals to
rotate Ic and Q. towards the x-axis of the first quadrant. Thus, if the signal is

originally in the first quadrant (A), a %rotation clockwise will be required. If the
signal is originally in the second quadrant (B), a 3Tﬂro’tation clockwise will be
required. If the signal is originally in the third quadrant (C), a 5—;r—rotation
clockwise (equivalent to a %?rotation anti-clockwise as shown in Figure 5) will

be required. If the signal is originally in the fourth quadrant (D), a 7—475rotation
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- DQPSK. 4 20 Once we have perfornmed the

deci si on-based rotation, the frequency error offset

can be cal cul ated by neasuring the angul ar difference
between the set of {1,:, Q} synbols and 4 . This is
because, for 4 DQPSK, synbols in the first quadrant

shoul d be at 4 exactly, synbd@ls in the second quadrant
shoul d be at 4 exactly, synbols in the third quadrant
shoul d be at 37r exagtly and synbols 25 in the fourth
clogkwisgnteashalent t@eaagrqtaasaacantlyqlomsargs ghdweriefdgure 5) will
will give an indicatron of the angular difference.

Because the rotation has been performed 8 at bl ock -

bg required adlat@thgt thaasavalugbtaret the xalaes son Mhich dhebsIDQPSK
lies on the x-axis, the angular difference is zero!

sgﬁfem dNaHbadilatloh 8 BAS&].] ThigO8RY Tse%élﬁdé’d dd ?ﬁé&e?ggﬁymbols,

.difference and added to the previous frequency of
ireespective ghthginquadrantpeasy be compased Afithrp singeevalag at the next

oBE TRIRREE P o BRHGYE. "21% and ho.  Essential 1y,

we find the average angul ar difference by summ ng up

Il the | apd Q signals separately and cal cul ating
Tﬁﬁeteéﬁbl Ea'fdr &ﬁqws&ﬂﬁ% to" aAW one prlodhe 4foBIri Gnathe case of
Accunul ation block and perforns the summ ng up of the

—+ DaB K} phagesi igrthé scoristdllbion dfter rhapping. K-réceisedsiyral éan be
4(31 0 15 where K is the nunber of synbols used for the

chhRSHENEY RdbsifB!th8bnd dPlhe four phases in the constellation which is

closest to the signal in terms of distance.

In fact, instead of using hard decisions, to rotate the signals, known signals
(preambles) can be used, but, in that case, the correct symbol synchronization
needs to be obtained first. This means that, instead of comparing the signal to
the closest coordinate in the constellation, we compare with the preamble with
which the signals are meant to correspond. In PHS, the preambles are
transmitted at the beginning of the slot (see Figure 3) and are modulated by

%DQPSK.

Once we have performed the decision-based rotation, the frequency error offset
can be calculated by measuring the angular difference between the set of

{lc, Qc} symbols and % This is because, for %DQPSK, symbols in the first
quadrant should be at %exactly, symbols in the second quadrant should be at
%:iexactly, symbols in the third quadrant should be at —%exactly and symbols

in the fourth quadrant should be at _—475exactly, and any difference will give an

indication of the angular difference. Because the rotation has been performed
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Because the synbols are spread around the x-axis,
sunmng up the | and Q actually gives an average |
and an average Q K can be the nunmber of 20 preanbles
but is usually less than that. Block 417 is an arctan
conmput ation bl ock and conputes the angle fornmed by
sum |l and sum Q (equations 18 and 11). Since tan of
each angle is Q, we have for the sutmmed | and the

aSbiBERd 18, warhclANA&mPae \ﬁrtH\’tHé‘xfaﬁ‘(FsOQ?%\ s??nﬂcﬂ‘ﬁeé orétRe x-axis,

axis of: arctan sum sum | Thi § aver age
ﬂ‘aﬂqgmeutﬂsrdlé‘em i3 @erpe é’@dﬁamutarfdéfem |$)fdcm@/erted to a

BB hirorb MR 0Bl b R AR bt
h f

o BETEE LTSS 65 PR et i g

RIS e TS bl 408 ATVGHE, g, v

iR G YSa0R Ao g RS g e S eiepgfaﬁbt%eckammo signals
sEbQﬂe\Eeﬁ afd-cafdul i B ?roPrHHESLfrf] egir Irapgmrent for

frequency offset “estination menti oned,
frequency of fset estimation is very 15 derrandl ng to

Bl EROEr A e h BEK AR pertira s gyl or 6 1 and

Cesigpals; I n fact, the nore bits that can be

represent ed per baud, the nore sensitive the signal.

It has been found that t he receiver nodem for the

Advanged PHS described earlier needs an accuracy of

Shﬁs&Zh@n about 20Hz for 64 QMM in order to achieve a
(1}

[10]

squ=ZO:Q,, (1)

where K is the number of symbols used for the frequency estimation.

Because the symbols are spread around the x-axis, summing up the | and Q
actually gives an average | and an average Q. K can be the number of

preambles but is usually less than that.

Block 417 is an arctan computation block and computes the angle formed by

sum | and sum Q (equations 10 and 11). Since tan of each angle is % we have

for the summed | and the summed Q, an average angle with respect to the x-

axis of:

Sum
arctan{ Q}
sum I

[12]
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20 sustainable bit error rate of 10"5. (An accuracy of
20 Hz is rather stringent - it corresponds to around
0.01 ppm frequency error since the transm ssion
frequency of PHS is about 1.9 GHz with a synbol data
rate of 192 kHz.) For 16 QAM the accuracy can be
around 50 Hz for the sane bi® error rate. 25 Wil st
the prior art arrangenents, |ike that described above,

THR é\‘f‘é}bgéeatrfgfg@ co'ir%%}:lbﬁ&g t@"cﬁé‘rs%%n&i?wgﬁg@g%‘\cg{ 8{f§1eet error A"

practic quantization error In
astee This can soneti nes
tlfgaii‘t\%ﬂs vrg?s‘l S%ggPpE%rR peért!‘a’gram%%é&gb 10 Summary of the
Invention It is an object of the invention to provide
d_and appar at or frequency of fset )
sl 41 s 7 raRPERCY gk Calcultdnabbtkaa Bodatee: berestmated
i i 1"
vAlle AP EBoRty Al by ROAGHIARMIS TR SRAE W Mguancy
afg BHEm Nt MRNSERIoUS| Stinfstbl VRl k. frequency of fset
for a receiver for SK signal s conprising in-phase |
and quadrature Q conponents for a plurality of

Asyn‘o_o S, Z .the apparatus conprising: 10 a
ditfePedtiral detector for performing differential [13]

detection of a received signal over a synbol span of
n synbols, n being an integer greater than 1; a

LR R N ST e ——

t ncy offset; a rotation block for
al)l%%détﬁ?‘%fget%glép%g&slgﬁof each synbol towards zero; and
15 a calculator for calculating an estimate of the
frequency offset_»b conpari ng the phase of each
Figy I‘Gf\fvi i %’é‘?o@ hew &l RiRTa @l aganagment degeiiequency offset

o4\ £5LMFBASY ehebliSo! (RAURREY ERLSER IR s very
démaqndimgctp démoetlate QAM signals such as 16 QAM and 64 QAM since
these signals are particularly sensitive to phase errors. In fact, the more bits
that can be represented per baud, the more sensitive the signal. It has been
found that the receiver modem for the Advanced PHS described earlier needs
an accuracy of less than about 20Hz for 64 QAM in order to achieve a
sustainable bit error rate of 10°°. (An accuracy of 20 Hz is rather stringent — it
corresponds to around 0.01 ppm frequency error since the transmission
frequency of PHS is about 1.9 GHz with a symbol data rate of 192 kHz.) For 16

QAM, the accuracy can be around 50 Hz for the same bit error rate.

Whilst the prior art arrangements, like that described above, do achieve the
required accuracy in theory, in practice, the quantization error introduced at the
front end can degrade the accuracy. This can sometimes give very poor BER

performance.
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20 The differential detector operates over a synbol
span of n synbols, which neans that the accuracy of
the frequency offset estimation is inproved over a
one synbol span. The anmpbunt of rotation required in
the rotation block will depend on the original 25
phase of each synbol. The rot@ti on bl ock may conpri se:
a first portion for rotating the phase of each synbo

Skﬁﬁﬁr?fo?*ﬁﬁe%%}ﬂ'ioﬁonﬁd | ation of the DPSK

nodul ati on and a second portion for rotating the phase

ltd$ apaatijestyofitbe invewtiotsto previde 4 methad andsapparates for frequency
ion block is

off B ERstRId Wit Flidatarsisledlial, SVaroma the miobiams of pricr
ahré?réﬁq@h%rﬁs%fe%cﬁ@éd gh8¢e 0 the signal 30

constellation. I'n the second stage, the synbols are
shifted towards zero for conparison with zero in the

Ry S TN T .
fr’ehaeﬁ@f offest a6r éyﬁéc%me‘i’ffompsm Sl@ﬂalsSCB%ﬁgrnﬁFﬁ{-phase | and
exanp -DQPSK i s based '

qqrﬁerawrlestO p@pmrmen& rfeguar @&Jrahtyn'oi symbolss k,héheghapparatus
cBknofi .synbol has been di sl odged fromthe signal
r?ste lation by 5 the differential detection. This

wi | | abdiffefentiabsietedtor farxgerfdrmingvaifferantisl estestionadf 4 heceived
signal s ,are based on - , 3n_, 51r and 77c , since

Sﬁgrgm%mg%sp% oyyn symbgiss ndeRjed anriateger greater thae 1,
andr éZﬂ;?cﬁJﬁ 8%35%0?% rh@ﬁhﬁﬁﬁ\gcaonna}ntlag[rc?)rr‘éc?i—gﬁlq?"%watQ using

aqmaaodslgresttlhatedtvam.lmanfrthetfrenfuehbyaoltflbege once it haﬁ
been restor t.o,. the onst ation. For a ase
Un t BEOALOBD %mraﬂia?mg tﬁ%pﬁﬁﬁ%ﬁ 6ACh syMmbekiqwardsizero; and

be r%\ébfc@ﬂator‘:%r Eba‘l’élﬁéﬁv&i Ml N&stineaaner gHédfr@HEemﬁ/ offset by

rotation of 4 clockw se be require
companagttihé phageafeanh Symbod)mthlzano,oh‘ne4cat¢Ldaiomb®mg/\atrbnged to

i P e ffens” it PR Gus il POueBiticlr Hebrofny 1 previously

estimated value of the frequency offset.

The differential detector operates over a symbol span of n symbols, which

means that the accuracy of the frequency offset estimation is improved over a

one symbol span.

The amount of rotation required in the rotation block will depend on the original
phase of each symbol. The rotation block may comprise: a first portion for
rotating the phase of each symbol towards the signal constellation of the DPSK
modulation and a second portion for rotating the phase of each symbol towards
zero. In that case, the rotation towards zero in the rotation block is effectively
done in two stages. In the first stage, the symbols are restored to the signal
constellation. In the second stage, the symbols are shifted towards zero for

comparison with zero in the calculator.
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15 The rotation bl ock may use hard deci sions for

rotati ng each synbol. Alternatively, the rotation

bl ock may use signal preanbles for rotating each

synbol. 20 The cal cul ation of the frequency offset
estimation in the calculator can be perforned in a

nunmber of ways. In one enboditrent, the cal cul ator
conprises: an accunulator for averaging the | and Q
Ther eggreBsionntiignal edrfstelfatidhVen theUBSK RodsidtioR! & }%rsato the
conput ati on bl ock for calculating the angle for rreg y
apgiesa9R el the aparticylan system ofquedidiation fis drased. For example,
£al cul ation bl ockﬂf 0§ ca§7zcul ati7 g 25 the estimate of
%B@H’S%q&basqd @hfsetir, ¢ tamel a&ngehe‘ firstrpdrtiyn ishequired when

veraged | and Q* 12 Thé previdusly estimated val ue

fisgt e td: e NG

R phate of SAARSIIRI 1B bR JRRReR ol i8] Bccortibiion by
thentifferential detadienpT hisi will Heythestasenfardxaniple, Wheh Meis even and
frequency offset is initially set at zero. In 5
RAGFBK SRITASIERE MaseliNh HE e Wously a5t TAnted o gldigyfbols are
the frequency offset is 4nitial4y set @t a hon-2&r'o
value. In o}r%e }izﬁnbg%idnengﬁnﬂ. This i s advant ageous
dRescjegefrey@r Lordi n | ' t ' ver a four
synbol span4pr dvi d«eshgaf neq@ygﬁﬁ:eyeogl?ftgée:{ésg@teiehati on

whi ch i o0 has precision appropriate for 16 QAM and 64

QAM nodul ated signals. Qther arrangenents may be
TaBVARR0RH r T I'sdtornd© o) d :

In one en‘gggigﬁnr??, p(tahe %Swﬁgguslégpég é?’@ﬁi \?macrjés%ﬁ&] on the
apagist ehéhe phase once liidhastbeen sestoredsiohtbessigmaiycdmestellation. For
envi saged, however, for exanple DBPSK, 15 '-" DBPSK
aqptehsBiStie frsbepatrimgatmotdtion emfendéiase VAR FequiesO For a
provi ded apparatus for estimating frequency offset

for a receiver for DPSK signals gonpri sing in-phase |

phase irmtiedsedandegadranh enerdtiorf oF ~A ddkivadd Will Bé required. For a
synmbol s k, and for correcting thetl

phase in the third quadrant, a rotation of 5Tﬁclockwise will be required. For a

phase in the fourth quadrant, a rotation of 7Tﬂclockwise will be required.

The rotation block may use hard decisions for rotating each symbol.
Alternatively, the rotation block may use signal preambles for rotating each
symbol.

The calculation of the frequency offset estimation in the calculator can be
performed in a number of ways. In one embodiment, the calculator comprises:
an accumulator for averaging the | and Q for each symbol k over a given
number of symbols K; a computation block for calculating the angle formed by
the averaged | and Q; and a frequency offset calculation block for calculating
the estimate of the frequency offset from the angle formed by the averaged |
and Q.
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20 and Q conponents of a received signal using the
estimated value of the frequency offset, the
apparatus conprising: estimting apparatus as
descri bed above; and a second frequency corrector for
correcting the I and Q conponents of the received
signal using the estinmated v& ue of the frequency
of fset. 25 The apparatus nay further conprise coarse
estimati ng apparatus for nmaking a coarse estimate of

he frequency offset. Since the differential detection
Tb@r PE ly nestiraategpyplveuofi thepdraauamsy offeet anayninate been

imhS t Svahol recision of ..
oEREBAd Bk BTy SR SRRE pgb BB b Brpbaiment
thehpreviousty estimateid salueiof therfgriuenbgroffseis/ Bitidostitat zero. In
th&I n Mreniitﬁl det.ect" on ma%qe% not be able to .
apaRer nest hRj revieyslyegimatedgvalue @i the freguenay effset is
inittal 9@t bt AthortadrodRMle W th 1 arger offsets. 13 The
coarse estimating apparatus for maki ng a coarse

estimate of the frequency offset may perform
e BB Popt T ™ i€ S arleGlei e ere Bhgoiming iferential
déteetion ov¥r affbaestymByl SRaPpicRies é_f@gagﬂéy @ff.gé@éﬁpﬁéa@dn which

detector for perform n%hdl fferentia etection o
hag Pepcisign appyaariatevtor th@ANMmns 64faAM madhilated signals. Other

SHAFEBG ) oL RSP I BRI LA2) e an soon

val ue of the frequency offset; a second rotation
bl ock for rotating the phase of each synbol towards

; i akcl i hg

O SR Oo R U K BBy R Ul e HRSRe paulated.

hase qf each synbol with zero, the cal cul ator being

?fa'ﬁ'eaa'a?'en Jahiemes mavchr esxisaged nhowever Jot pyampie HBPSK,
,,freguency corrector for inproving the previously

BP&ig aad WSRREK.of the frequency of fset. The apparatus

y further conprise an averaging filter between the
estimating 15 apparatus and the second frequency
corrector, for snobothing the estimated value of the
Ateedingnty tbef inventiow,cthedenig alsot pevidede mipparstus hier eedtitnating

ol Bseror R aRENST g BUEK AP ooBREF NG igphase | and
quadrahiaeeQ | comisbnents for a plurality of symbols k, and for correcting the |
and Q components of a received signal using the estimated value of the
frequency offset, the apparatus comprising: estimating apparatus as described
above; and a second frequency corrector for correcting the | and Q components
of the received signal using the estimated value of the frequency offset.

The apparatus may further comprise coarse estimating apparatus for making a
coarse estimate of the frequency offset. Since the differential detection
performed in the apparatus is performed over a symbol span that is greater than
1 symbol, the precision of the frequency offset estimation is increased, but if the
frequency offset is larger than a given amount, the n differential detection may
not be able to take account of this. So, providing a coarse estimator in addition
can deal with larger offsets.
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20 quadrature Q conponents for a plurality of synbols
k, and for correcting the | and Q conponents of a
recei ved signal using the estimted val ue of the
frequency offset, the apparatus conprising: a
differential detector for performng differentia
detection of a received sighal over a synbol span of
n synbols, n being an integer greater than 1; 25 a
first frequency corrector for perforning an initia

orrection, of and usi ng previously estimated
T\??Sﬁ?@r%‘? e?‘i’fEaF'F%%ﬁ U%f?fsf@takms & eparsedstimaie lof the frequency

off&RIhAY é}%rﬁbaﬁﬁe@ntlgﬁ%téﬁwlo%ﬁm@r gimfnﬁf %pah of 1. The

cal cul ator tfor calculating an estinate
appemhle&fqr maklsgta byarse @spienate of thefrobasecyobffsstahay comprise a

d
TN b aud ddectarios Pekrings oMt giode ek oreceived
sigpél O8I 6He SembOespire tﬂ#@'fbéqu%%y 'EBFr@étoY %Pﬁer@érrﬁlﬂg an initial

frequency offset; and 14 a second frequency corre
CPEFPC%P 9%‘( NG usingacpraviously estimated valieof thenfrequency offset;

<SR e OBy B0 5 bRE 0, BRRSHAS nc

arradxlcukgatar far calguktingstheTebarsef estimated Qﬂumcy'reatJEﬁé\v offset by
Since the dbffeer?nU al detection perforned in th
ase

COmRaFag ke p §PRB §YE\Lel W&hs%ﬂﬁ%dhewlambem arranged to
r h r

PR e e cohr I Y FERTAD, hndbe FEERHERT G e

prsMicusly estimatagevalue af the flegeenaynaftset, the n synbol

span differential detection nmay not be able to take

account of this. So, providing a coarse 10 estimator

The aﬁ;@kéth@ﬁné@'fhrﬂﬁ@' cothprisd éﬁ%%régl %ﬁftér bé—tk)\f'ee‘hoﬁ‘wres%tlmatlng

estimating apparatus for nmaking a coarse estl| mat
apparafyse qenthe sgctmcétfremrpnpwcrwrentm ffoesemddthing the estimated

%ﬁg‘%ﬁ%gﬂea\dg,ﬁcﬁgﬁg&bol span of 1. In one enbodinent,

€ coarse'es My apparatus conprises: 15 a second
differential detector for performng differentia
det ect i recei ved sjgnal over one synbol span;

Aﬁc?rﬁl"igj?? r%&u@’(@?“%’br thereols alsp peavidadriamgasatus nfor i estimating
freqLéRS) bfSel¥or adeler for DPSK signals comprising in-phase | and

quadrature Q components for a plurality of symbols k, and for correcting the |
and Q components of a received signal using the estimated value of the
frequency offset, the apparatus comprising:

a differential detector for performing differential detection of a received
signal over a symbol span of n symbols, n being an integer greater than 1;

a first frequency corrector for performing an initial correction of | and Q
using a previously estimated value of the frequency offset;

a rotation block for rotating the phase of each symbol towards zero;

a calculator for calculating an estimate of the frequency offset by
comparing the phase of each symbol with zero, the calculator being arranged to
input the estimate into the first frequency corrector for improving the previously
estimated value of the frequency offset; and
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using a previously estimted val ue of the frequency

of fset; a second rotation block for rotating the phase
of each synbol towards 20 zero; and a cal cul ator for
calculating the coarse estimte of the frequency

of fset by conparing the phase of each synbol with
zero, the calculator being andanged to input the
coarse estimate into the third frequency corrector for

| pr evéétbridifeq lﬁ)érftéﬂst%%dto@ﬁir' ﬂﬁucgﬁ‘rlra @'c?ﬁe%oﬁ Bf1 and Q using

frequency offset The appar

the aptimatedayalue of the fﬂgqmemayecnﬁ&méx ween the cal cul ator
and the second frequency corrector for snoothing the
esti mated val ue of the frequency offset. 30 According

The apgparatusemaly dorthéhesreprise abamsepestithalaty @9?&1@&:& f&t making a

PREE Flfnass af d%ps[ﬁ?t' §n %%‘12%&5%% diflegsntieb detection
p@ﬁ@rrﬁéé% e ASparafie ﬁ’lef:icﬁve"f‘ a l tsﬁ%pqggfég?g%xtser than

appar at us co rrsing: a d|f eren
1f&Mmtmlr ther prienigiat 6f thedfraquaincylefffset estimafiornis ineriased, but if the

BBk BYRE R YRR i Palh ol e Seg: diferentc
degictiohninag At bai hbRk! tcPQéKeeCdc'cSUnPEf lthdndsd? iy lgf fvilgngaa coarse

previ ously estimated val ue of the frequency
eftimatasnje @ddifion; gasn deajtwith I@m%qﬁsets or rotating the
phase of each synbol by 7T 4 a second rotation bl ock
for rotating the phase of each synbol towards o0

Treravarsa dstimatihg abptratus for wakingl Atbage HbtiBste BliKe %quency
he freq aring the phase of each

o3 B AOOND: §Ter SRl A lBP T rOVs! B gEyiToGingoen taf 1. In one
e%rvfeﬁg trﬁEbgi}ge/eégm@.ﬁd‘a‘ﬁé@&‘é%%&%‘g ector for

a second differential detector for performing differential detection of a
received signal over one symbol span;

- a third frequency corrector for performing an initial correction of | and Q

using a previously estimated value of the frequency offset;

a second rotation block for rotating the phase of each symbol towards
zero; and

a calculator for calculating the coarse estimate of the frequency offset by
comparing the phase of each symbol with zero, the calculator being arranged to
input the coarse estimate into the third frequency corrector for improving the

previously estimated value of the frequency offset.

The apparatus may further comprise an averaging filter between the calculator
and the second frequency corrector for smoothing the estimated value of the
frequency offset.

According to the invention, there is also provided estimating apparatus for

estimating frequency offset for a receiver for %DQPSK signals comprising in-
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estimated val ue of the frequency offset. 15 Accordi ng
to the invention, there is also provided apparatus for
estimating frequency offset for a receiver for 4
DQPSK si gnals conprising in-phase | and quadrature Q
conmponents for a plurality of synbols k, and for
correcting the I and Q conmpdhents of a received
signal using the estinmated value of the 20 frequency

phbéeelt andhquageRiRs G @cﬂﬁ‘pbhérhtggfqraadbﬁfrﬁﬁt?%f %gmbols k, the
detector for, performng differential detection of a

appa@VveaOMPrigINGE over a symbol span of n symbols, n
bei : 4 . , ‘
cor r ST etdHieR Beqtiartdrpihie dlrerbhil SEEEHETRY  received
s';gmal qQvens SYI?ftJal fpmgbu?ymb_e&i innpdieg an?ht@gsﬁ?ge%é;té? ?r?n 1;

uency of fset; nis even, a first r .
bl 0B TTRAHEGY FOITesTaTer pREOENBE hinil pARertish of | aad Q using
a%ﬁé@iﬁdsl?@sﬁ?ﬁé%@d WhREFOf tRE ff éhb%p&&? phase of each
S

ynmbol fowards zero; a calculator tor calculating an
est i ifdt & even, adirst datinrcblock feretotating the pluagesac eapht symbol by
hase of each synbol with zero, the cal cul ator being
~ayranged to 16 input the estimate into the first
4 requency corrector for inproving the previously

Fr eaforap o, pIoeR, fop ARG 8 wifedel Boeh svrmbalfawards

z&80j2andg the estimated val ue of the frequency offset.
5 According to the invention, there is also provided a
di ff@réﬁ'{cp%tordé@'écqadﬁw@tmg Hergstimatagotithe efrequendy offset by

T . S hdien
LTt Ty N ——
irg)upltbeadae;ttmatef inty nthel f?eqker:j%feoﬂéét??rflaﬂgh?m\?ﬁ@ ekOpreviously
to performdifferential detection over
eﬁt?%g%ﬁm%%?gﬁ&eg?ewys i's, n being an integer

greater than 1.

According to the invention, there is also provided apparatus for estimating

frequency offset for a receiver for %DQPSK signals comprising in-phase | and

quadrature Q components for a plurality of symbols k, and for correcting the |
and Q components of a received signal using the estimated value of the
frequency offset, the apparatus comprising:

a differential detector for performing differential detection of a received
signal over a symbol span of n symbols, n being an integer greater than 1;

a first frequency corrector for performing an initial correction of | and Q
using a previously estimated value of the frequency offset;

if n is even, a first rotation block for rotating the phase of each symbol by

a3
4

a second rotation block for rotating the phase of each symbol towards
zero;

a calculator for calculating an estimate of the frequency offset by
comparing the phase of each symbol with zero, the calculator being arranged to
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I n one advant ageous enbodi nent, n = 4. In one

enbodi nent, the DPSK nodul ated signals are 4 DQPSK
nodul ated. 15 Ot her nodul ati on schenes may be

envi saged, however, for exanple DBPSK, 2 DBPSK,

DBPSK. According to the invention, there is also
provided a nethod for estimatgng frequency offset for
recei ved DPSK signals conprising in-phase | and 20

ir?p!ﬁ%é‘te'ﬁ{iﬁla% HFRBRAB SIS réuch 'wr@ckéryfgfﬁrsét’%ﬂnﬁwn%previously

the nethod conprising ,the steps o

egtimatecbvialuelof dlee Feguencybffsetr andi ved si gnal over a

synmbql . _span.of n symbol bei an i nteger at er )
¢ han 2138 AR PTG fori Rartaiie. corrghiion of Tand @using
thes estimatedy @lLe s the RegieRd\estfse?d val ue of the

frequency offset; c) rotating the phase of each synbol
towards zero; and d) calculating an estimate of the

ASBRE S, ] S R b B, P pctr o

petfoshig hjifféentinhmdateetidrheofpree viceahe PSKRIRfhal2altHe signal
of the frequency offset. 30 17 Step a) of performn
camArEnehTRNasfet 8B BIAdratupR} 6PMBENeDs fos asplvsality §g@rymbols
k?fhendifféb’émféi ?ete%r%birﬁﬁ%ﬂ%nb@&tto PBﬁoﬁﬁ %‘éﬁé’r@ﬁti&fqé@&ion over a
requency offset estination”rs nproved agai hst a

symbgl spaty obolsyspmis, rbbdihg amninteger greatet tidroh. requi red
at step ¢c) wll depend on the original phase of each

synbol. Step c) may conprise the steps of: rotating

Ik BAe RIdREAtRfe0BIEMbSIIMRAL, f awards the signal
constel lation of the DPSK nodul ation; and rotating

t he phase of each synbol towards zero. In that case,
step c) is perforned in two stages, the synbols being

Im esicoertbodimehie the gDBSKcmﬁté@tsigwé nareh€ DOPSK modulated.
stage io and the synbols being shifted towdrds zero

(5tf18rt n?o‘?fmeﬂfcjnsg&érﬂesq ﬁ\%jy B)a)er{vri]ség%%, h%%/ce%g, tsétrae%%'mple DBPSK,

%DBPSK, D8PSK.

According to the invention, there is also provided a method for estimating
frequency offset for received DPSK signals comprising in-phase | and
quadrature Q components at a plurality of symbols k, the method comprising

the steps of:

a) performing differential detection of a received signal over a symbol
span of n symbols, n being an integer greater than 1;

b) performing an initial correction of | and Q using a previously estimated
value of the frequency offset;

c) rotating the phase of each symbol towards zero; and

d) calculating an estimate of the frequency offset by comparing the
phase of each symbol with zero, the estimate being able to be used at step b) to
improve the previously estimated value of the frequency offset.
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The expression "signal constellation of the DPSK

nodul ation" refers to the angles on which the
particul ar system of nodul ation is based. For exanple,
15 7r DQPSK is based on '-" , 3r , 57r and 77c . The
first step of step c) is required 4 4 4 4 4 when the
phase of each synbol has beel di sl odged fromthe
signal constellation by the differential detection

Starep) of) perfdriingvidifferbetisl ietenivn. is eFormsa ke a é%ﬂfbl %9an of n
IS even and the DPSK signals are based on 4-1r

sympols, &’ha%l Means, ”@’f ri'a% acrurasynefcihe tiequenay @tﬂ@@tdestrrmtron is
m ged to be 4 4" 4.4 420
Ir%rgtlg?g arr{%% un g8?at| on needed in the second

st age of step c) Wil | depend on the quadrant of the

TRE ARl rhlatPR reliE8s it St EL i gbrend pRae qrigingl phase of
e@ﬁﬁ%Zrnb@I tsrep‘ t) FlayleGRApASE thé st@é@br %té’tfngfﬁ’reé phase of each

cl ockwise will be required. For phase I n econ
syjnbel tovards thetsegnaircqmrstedtabomqfvm DRBKI mbdulatiqni aad. rotating

t f 18 54
SR b bal AP et et S16h o ReSerat n two
staged) that syrﬂbbl@tlﬁémg’mestbreod ) ﬂ@@lfgﬁ@l %héteﬂ’ﬁrdrﬁﬁ#trfeeﬁrst stage
The step of rot atlnget he phase of each synbol towards

an¢ the synbedspeingeshi GéPW@TCr&aZ@TOd@@W gomn@nsom in step digin the
sé%ﬁw of each synbol towards zero. Alternatively,

e st eé rotating the phase of each synbol towards
zero may corrpri se using signal preanbles for rotating

Theterasrien "SRR NGIEEPR fhaihien SSK coppienbretere to the
aiﬁ@l@ﬁ%ﬁﬂ%hr(ﬂt & tharfCURY 59&em ng?ﬁ@&#lé‘@oﬁ E b'as@%d FBr fdXample,

each synbol k over a given nu

LRIl Gk mote g wﬁrggqr»zaaeafcsafeqmm

fromthe angle forned by the averaged I and
when the phase of each symbol has been dislodged from the signal

constellation by the differential detection step a). This will be the case, for

example, when n is even and the DPSK signals are based on z 37”, 577[ and
T

R since the symbols are dislodged from % 37” %’5 and ‘2 and need to be
restored.

The amount of rotation needed in the second stage of step c) will depend on the
quadrant of the phase once it has been restored to the signal constellation in

the first stage of step c). For a phase in the first quadrant, a rotation of

%clockwise will be required. For a phase in the second quadrant, a rotation of

3 . . . . .
T”clockwrse will be required. For a phase in the third quadrant, a rotation of



10

15

20

25

15 The previously estimted val ue of the frequency
of fset may have been estimted using a frequency
of fset estimation algorithm In one enbodi nent, the
previously estimated value of the frequency offset is
initially set at zero. In another enbodinent, the
previously estimated val ue of8 the frequency offset is
20 initiaIIy set at a non-zero value. In one
senbodi nent, n=4. This enbodi nent, i s advant ageous
se i 1b§r raangedi FeeRdmass) indbe devith mwéantaafr@tatlon of

symbol span provides a frequency offset estinmation
Mhi h eC|S|on appropriate for 16 QAM and 64 QAM

' bgirgadred. | n one enbodi ment, the DPSK
nDduIated signals are 4 DQPSK nodul ated. O her
nndulatlon schenes may be enV|saged however, for
anng - DBPSK and D8PSK. 19 Accordlng to
ﬂ\f@‘n%qt%‘i'ﬂg themhase af §acfbraymmdoa/aﬁ%& #EEP fraay comprise

i e
o584, A QR RINGTRNaghG W fid SAoba SRR or
Aliemmiativallyi tfya efe;syfrtma'sng( theanpua‘serof caachewmbtg tolvards Zero may

f
o8B BB yBar e i atfRinGy e Phast ofmshsumied towards
z&@NPri sing: a nethod as descrl bed above; and the step

of correcting the |I and Q conponents of the received
signal using the estimted value of the frequency

P i g SSRGS PR U, BBl o

c@npueestmragmgf thieer éndrmrfgr diath esyentidla’ odet acgiven rivimber of
span that is greater than 1

Ehell K siCiialiog <ffn epeia ﬁerm%q@ém averoged | and Q; and
czlﬂgﬁliagﬁ 'etHB ehamhétsr&atﬁ%dﬁre% oﬁ]bg fﬁdﬁﬁpger eq]%fféﬁﬁéd by the

n a given
aveagedil@and@y not be able to take account of this. So,
15 providing a further step of mmking a coarse
estimate of the frequency offset can

The previously estimated value of the frequency offset may have been
estimated using a frequency offset estimation algorithm. In one embodiment,
the previously estimated value of the frequency offset is initially set at zero. In
another embodiment, the previously estimated value of the frequency offset is

initially set at a non-zero value.

In one embodiment, n=4. This embodiment is advantageous because
performing differential detection over a four symbol span provides a frequency
offset estimation which has precision appropriate for 16 QAM and 64 QAM
modulated signals.

In one embodiment, the DPSK modulated signals are %DQPSK modulated.

Other modulation schemes may be envisaged, however, for example DBPSK,

%DBPSK and D8PSK.
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deal wth larger offsets. The step of making a coarse
estimate of the frequency offset may conprise the
steps of: 20 i) performng differential detection of a
recei ved signal over a synbol span of one synbol; ii)
performng an initial correction of I and Qusing a
previously estimated value 8 the frequency offset;
iii) rotating the phase of each synbol towards zero;
and 25 iv) calculating the coarse estimte of the

freguen ffset hy conparing the phase of each o
A§9ﬂ’g’dﬂ9 &%tﬁezg}"&”t'g'ﬁ’et Bi ﬁagl§0b8rqvgd%|ae niethpd ek egistimating
¥d [ i (= VANaTI] . yat ed ue
oY re Torrey D) Snele® iR Froase') ang
quaifaturecq) eamponrentados agpuialityc of spmbblegk t dmc:] Iforaﬁ@frr]@ting the |
0 of ,the received signal, snoothing, the
aggtlﬁng? @@%%ﬁﬁe of¢a trﬁgelv?g eﬂg'éﬁlcgs'&ﬂf the .GS%U‘@&%‘% ofue pf the
froquérsy @ﬁfs&tﬁﬁmetﬁdﬁcﬁnpﬁsiﬁ%}:sé’ nittRYd A8 HedcABEA3BolEY and the
estimating frequency offset for received 4 DQPSK
stepgptacerresting itke dganth-Qregspanentsl of ther receivedsignal using the
SHARRREN rall synbol s k, the nethod
econprl SI r%ge 6”1@6 Q{f@%@d&@ﬁﬁ?‘a) performng differenti al
detection of a received signal over a synbol span of

' [ h 1; b
TBe TH SR g U P H3RIude e etar A aralin i coaise: %@tiraate of the
i i I : : L set
VR LSS ) B BRI o
over & gymnpol span thag is peegtérathancf syabbl, therpracisiomar dse frequency
of ¥ et PeRpcEbingrransotn bit fila€ Hegtoagu otshisolaragt lan a given
amoUAt, the S @ifbreRia? dBRICRBN3RAP nbPbEAKS t5ltdle SE&RINRLT s, So,

providing a further step of making a coarse estimate of the frequency offset can
deal with larger offsets.

The step of making a coarse estimate of the frequency offset may comprise the
steps of:

i) performing differential detection of a received signal over a symbol
span of one symbol;

i) performing an initial correction of | and Q using a previously estimated
value of the frequency offset;

iif) rotating the phase of each symbol towards zero; and

iv) calculating the coarse estimate of the frequency offset by comparing
the phase of each symbol with zero, the estimate being able to be used at step
ii) to improve the previously estimated value of the frequency offset.

The method may further comprise, before the step of correcting the | and Q
components of the received signal, smoothing the estimated value of the
frequency offset.
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I nprove the previously estimted val ue of the

frequency offset. 15 Features described in relation to

one aspect of the invention may al so be applicable to

anot her aspect of the invention. Brief Description of

the Draw ngs Sone known arrangenents have al ready been

described with reference to 220 Figure 1 to 5 of the

acconmpanyi ng drawi ngs, of which: Figure 1 is a signal
Aspadinglitagthemirventidh, v isFaler pravidéd & ThehBY RIPAE&imating

diagramfor 64 QAM Figure 3 shows the slot structure

r4 3age pdi QL 4a_ | Dl ock

Alofey et 36! rBLsRByTIaPSK St iRy TBighgee 1 and

25 Figure 4b is a bl ock diagramof a |orior art
qpadratdrer Qsseapppents @Qﬁ’s}@ragwdotsgmb@ s5ki theamathedrwomprising
il gphaprshowi ng deci si on based rotation according to

t he Bri or art. 21 Some exenpl ary enbodi nents of the

i nvea} ipenfonining differeetial edetectivad ofia recelvi sRMae dver a symbol

Fi 6.,to 10, of the, [ d i , of which
BT i e B el B B 10", O
2ccopfbagontiny i ol ool TEn! a0l o iy By Setimated

valugwfdéhe fregugneroffsets a schemati ¢ di agram showi ng 4
rotati on as perforned by block 705 of Figure 7; Figure

9 i scpif blig@ked] ﬂﬂét@igﬂfe BhdSRCET &tfh $jnflsojascdrding to a
(e}

second enbodi ment t he invention; and i"04Fi gure 10

is a iLagram of . a r,ecei ver, side according to a

o DG RORBEL bt Gadtr STl toar g 260y agd

De ) Riall i fyl :
e Potanatlo 3 S8t SIORG, TORLEnuF 8y goparing te
phase gheacthsympgl with zerq.ithe estimetrbeingalie ty befifsedtat step b) to

irfSrove thé Drévioddl) Watitatéd 94ILE &f the frequency offset.

Features described in relation to one aspect of the invention may also be
applicable to another aspect of the invention.

Brief Description of the Drawings

Some known arrangements have already been described with reference to
Figure 1 to 5 of the accompanying drawings, of which:

Figure 1 is a signal space diagram for 16 QAM:;

Figure 2 is a signal space diagram for 64 QAM:;

Figure 3 shows the slot structure for a prior art arrangement;

Figure 4a s a block diagram of a prior art transmission side for Z—DQPSK;

Figure 4b  is a block diagram of a prior art receiver side for Z—DQPSK; and

Figure 5 is a schematic diagram showing decision based rotation according

to the prior art.



10

15

20

25

30

The fine frequency offset estimation 601 consists of
several different stages and these are shown
schematically in Figure 7. The fine frequency
estimation shown in Figure 7 conprises a differentia
detector block (for four synbol span) 20 701, a
frequency correction block 7@3, a 4 rotation bl ock
705, a decision-based rotation block 707, an

Smﬂelrmkeahplew Rinfisdiditiédts tﬂécﬁﬁénWH afﬁd)\f‘?”bnl,old?—:“s'&nbed with

711 and frequenc% of fset cal cul ati on bl ock
f@f%?n%t% ioHres @ e 0 the pecerapanyiag dsawings, o&whlch

ent y a a .assume that |r and .
UGRER G &F Falgb Rt 2Ph U cretBn?) YR borgiia, 3= i
they haverpbediadnt bf thegihventisi;ent PSK nodul at i on.

Ioc 701 .perfor differential detection of four

Spégdptaéle l@dl@gyamqf,bquk)ﬁm efiFigums 6+ Qr

K)Q (k - 4) [14] 22 Qd (k) = Q (k)I r (k - 4) - Ir
F((gl;r@fa (k s 4@)sdhempaticotipgram ghohirg mrtdhattdreasnpeofmmeﬂ by block
arrangenent (equations [6] and [7]) we see 5 that

the di ffermmcsr riguidat we are now perform ng

differential detection over four synbols rather than
Figires nbolis artileck siagramefdfeat recaivenesige eadairdingofo tsheecond

resultin f the frequency offset and this

will be gleﬁﬁé@%n?ﬁf e'PverBtéqrb% %10 Bl ock 703

MigureoroTs as f4 ell@encma@eérhe@flémréé‘éww 8idr %\éb@#&ﬁr‘ug to a third
estimted value of the frequency offset A f'

conpensat €mpdineat af tedngantian. det ecti on out put

just like prior art block 411. Therefore, just as

before: 1,(k) =1d (k) cos(27fl f' k) + Q (k)

Mtaﬂéd iDescription 8f Préfelrdk ERibddintarts22r A f' k) -

Kk 7ro,.f'k) [9
% )fs rsp geméodnmen% Fing frequency offset estimation 601 is followed by
correction of the frequency offset 603. This is shown in Figure 6.

The fine frequency offset estimation 601 consists of several different stages and
these are shown schematically in Figure 7. The fine frequency estimation

shown in Figure 7 comprises a differential detector block (for four symbol span)

701, a frequency correction block 703, a %rotation block 705, a decision-based

rotation block 707, an accumulation block 709, an arctan computation block 711

and a frequency offset calculation block 713.

Just as with Figure 4b, the received signal is represented by I, and Q, and we
assume that I, and Q, are digitized and contain frequency offset, since they
have passed through coherent PSK modulation.

Block 701 performs differential detection of four symbol span i.e.

L(E)=1,(k)(k-4) + Q.(k)Q,(k~4)

[14]
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Block 705 is a 4 rotation block and perforns a 4
rotation on the synbol. This is required because the
synbol was di sl odged by the four-synbol differentia

20 detection so now forns the base of {0, 2, ,r , 32
}. After the 4 rotation, it 37c 57r7-" }, the val ues
on returns to the mddle of 2he quadrants i.e. { 'r

4 '4 4 4 which the 4 DQPSK system of nodul ation is
based. Therotation of block 705 is shown in Figure 8.4

Bl oc p for deci si.on based rotation to
Qxﬁ &7%? 6§ &fke4)bl ock 413 of the prior
art. So the | and Q values are rotated towards the [15]

x-axis of the first quadrant as shown in Figure 5,
vvhi ch sinplifies the next conparison step. 23 It is

Wﬁ:@ V\Mhathebbﬁélkért7é)r5ar?§éi|n3rq7 e‘ﬁ%hgn@mgﬂ@i@ﬁdwe see

ﬁ oduce a sSiI ng rotation an anount
tfaqsﬁ @,siﬂffqeecwotm |WQ:;aEﬂ1n0Wepeq‘tmm1m1dlﬁanemﬁal dletedtiom over four

?%%JB le(r:él'tEFon %L%g& ?%rf]§§ll 0 ﬁﬂﬁstggn%?;%?%% p?e‘?'ﬁ'é’“ of the

résuttinge estimationrofohkskéqeerivybeffeat! snd ahis dvilybdRASAISSBE further
btg e phase difference Ap" between the set of {In, @Q

ols and 4 , Because the rotation has been

perfornmed at bl ock 707, we conpare with the x-axis.

The frequency i o corresponding to the phase difference
Biecka o gperformben frequemr,s correctimagingf 4 :peewoOsIS/ edtimated value

HEHPlRRSTBAFEEL, ool stion ot
. , 71
8 BB ST S b0

709 is the same as prior art block 415:

Ic(k)=ld(k)cos(27rAf'k) + Qd(k)sin(ZﬂAf'k)
[8]

0.(k)=0,(k) cosl2zr ,'k) ~ I,(k)sin(27A,'k)
[9]

Block 705 is a %rotation block and performs a %rotation on the symbol. This is
required because the symbol was dislodged by the four-symbol differential

detection so now forms the base of {0, % T, 37”}. After the %rotation, it

returns to the middle of the quadrants i.e. { % 7 o 7:} the values on

4 4
which the Z—DQPSK system of modulation is based. The % rotation of block

705 is shown in Figure 8.

Block 707 performs decision based rotation to produce I, and Q, just like block
413 of the prior art. So the | and Q values are rotated towards the x-axis of the

first quadrant as shown in Figure 5, which simplifies the next comparison step.
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K-1 sum =11h 0O K-1 sumQ=E G 0 20 [10] where K
is the nunber of synbols used for the frequency
estimation. Once again, because of the scattering of
the synbols around the x-axis, this provides averaged
I and Q 25 Arctan conputation block 711 is the sane
as prior art block 417 and p#dbvides average angle:
arctan sumQ sum|l [12] 24 This average angle
corresponds to the frequency offset error which
V|des fine tuning of the_correction nmade in bl ock

7% reggeaile Ma bl gRe 707 oyl he gorthingd &3 prastucpya single
[

rASRTELY mOGRATIEK i€ apbRSERS dERERURE orf BB hdrant in which

tHergymbaltie ladaded.equat i on [16] differs fromprior art

equation [13] by adding Af rather 1o than Al This is

because of the four synbol (rather than one synbol)

Jastf AL IretHd pliodaHEBht@Mh@Meciion-bRSe & ¥PafbR §fhs BedfPberformed,
detai | bel ow.

the frequency error offset can be calculated by measuring the phase difference

A," between the set of {I,, Q,} symbols and % Because the rotation has

been performed at block 707, we compare with the x-axis. The frequency
corresponding to the phase difference is added to the previous frequency offset

A ,'to obtain an improved value, A 'imp.

In this embodiment, this is performed by accumulation block 709, arctan
computation block 711 and frequency offset calculation block 713.

Accumulation block 709 is the same as prior art block 415:

K-1
suml=> 1
; ’ [10]

squ=§Qh (1]

where K is the number of symbols used for the frequency estimation. Once
again, because of the scattering of the symbols around the x-axis, this provides

averaged | and Q.

Arctan computation block 711 is the same as prior art block 417 and provides

average angle:

sum
arctan[ Q}
sum I

[12]
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Referring once again to Figure 6, the frequency and

phase correction bl ock 603 uses the output Of'Onp
fromthe fine frequency estinmation block 601 (as shown

15 in Figure 7 and descri bed above) and the estimated
phase of fset AP (not discussed here) to correct
frequency and phase offset e24or: (corrected (k) =

I (k) cos(2;c01l' k + OP) + QKk) sin(27rAf' k + OP')

20 corrected (k) = Qk) cos(2,r01' k + 0 p') - I (k)
sin(27rA f' k + At') [17] [18] Note that, when we
Thisnpyarage RNaie rapig@spends de thedgirequencyi offsaterrer bichaprovides

AL r t [ [ : t t e an

RS (BRPRLTH, ) Pefreolor, B8 0 bl JRR, | Bky' P78°uBifies the
fraqiiérecye errioal ofkat eloy ianldingkies . frdquemcyveiffetande slenibed Sfrom the
25 rather than one, Secondly, a 4 rotation is included
C?’QPE%}JS‘%Y%’QQ%WS k$re four symbol differential

detection. Thirdly, the frequency offset cal cul ation

bl ock 25 updates the frequency error offset by adding

1/ of A fA,/"Again, this is to account for the four

Asny dif,ferential detection. The quantization error

in fixed-point design adds an estimation error to the [16]
5 estimated phase of the differential detector output.

The error is tolerable for differential encoding

dyl ati on,.bu .cause error floor for A
Nt it isciptnh 1 T SRR E e RS afvaliorslidh e
or 64 QAM especially for longer bursts. This error 1s

thandepend@his ¢f Bevausemberthef fotly né@hBolt @athdéhehan one symbol)
differential detector spans. 10 As nentioned above,

diffeeentiabletectibn sinaibwillbeogslaingd ¢ nidre dditail el i al
detection is performed has an effect on the precision

of the frequency estimation. In fact, as the synbol

. ¢ : :

R RS |4 EBute BHRETQRS B, HasDERRERBId 03

usgrathe( astpuh A%'.} Heomrtherfiner fréquenoypatineatioss hieek 68rr@ssshown
of up to a quadrant (2) can be detected

in Figure 7 and described above) and the estimated phase offset A" (not

discussed here) to correct frequency and phase offset error:

Lopreced () = I(k) cos(27a 'k + A ')+ O(k)sin(27A, 'k +A,))
[17]

Qromecr (k) = Q) cos(27A ke +4,') = I(k)sin2mA 'k +A,')
[18]

Note that, when we compare the arrangement of Figure 7 with the prior art
arrangement shown in Figure 4b, we see that there are essentially three
differences. Firstly, the differential detection takes place over four symbols

rather than one. Secondly, a %rotation is included to compensate for the four

symbol differential detection. Thirdly, the frequency offset calculation block
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and corrected. For differential detection over four
synbol span (as in the described enbodi nent),
frequency offset errors of only a quarter of a
quadrant can be detected and corrected. This inproves
preci sion, but does nmean 8 that larger errors
(greater than a quarter of a2xuadrant) nay not be
accounted 20 for. The process is essentially a fine

updRBYERE TreQUEREY efdt bFBET B additigS!4l JTCA €aQdiM) this is to account
preci sion cones about because, I l'e the nunber o

forthé FRlrasyrbgt aurdiedtiffdeigéticy. ror increases, the
quanti zation error conponent and other noise

conponents remai n the same. Considering the effects of

TR ARG el Rhad ity ot 86 hfnai Eror to the
esfirantedz phasa of rther differential sletdctor dufputnThe &l tolerable for
four-synbol differential detection, the

d%ﬂé&%@h@ﬂ%ﬂﬁ@em%v@i%aﬂt May: cawseerer flona fabinea-dierential
cRcglly ot 8t 508 5811 QAN B LOA ey ol i bt

Thisheromisiisdepandaemt efi tise aumbee dfisgohbots thiat thd diffeeentia? @etector
revious value and the residual frequency offset error

SRYW-d be within 20Hz as required by, for exanple, 64

QAM Figure 9 is block diagram of the receiver side
according to a second 5 enbodinment of the invention.

Asusgientionedt Bbove,r ¢he empobieheit symbals foveyuehich die¢ sdifferential

LAt j o .S fall cQrrect| . th
PR nis, Psribhmedobls' B RaR T ARE: Bty 4f apegiRguency
efiMafiomf imifact, loaptHes eyMBOP@NAA) incheddes) it dréjiency estimation

averaging filter 903 to snpoth A ' over many sanpl es. )
begomep duaienPeecisfe hayi differantiab detestion over £56i synbel spaw (as in
filter: Ai'long_time_ave = Al'long_tine_avex(1l-q) +
thex Pridyf att)) drequesicy roffsed erijol® jof wipetoea gyuias! rarite(zs heahendetected
factor. 15

and corrected. For differential detection over four symbol span (as in the .
described embodiment), frequency offset errors of only a quarter of a quadrant

(%) can be detected and corrected. This improves precision, but does mean

that larger errors (greater than a quarter of a quadrant) may not be accounted

for. The process is essentially a fine frequency offset estimation.

This increase in precision comes about because, while the number of multiple
frequency offset error increases, the quantization error component and other
noise components remain the same. Considering the effects of quantization

error and noise n, using one-symbol differential detection, the frequency offset
plus quantization error and noise is: A "+n . However, using four-symbol

differential detection, the frequency offset plus quantization error and noise is:
n
4A,"+n,, or, after dividing by four, is: A f"+T". Therefore, the quantization

error component and other noise components are reduced to " of their
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Figure 10 is a block diagramof the receiver side
according to a third enbodinent of the invention.
Just like the first and second enbodi ments, fine
frequency offset estimation 1003 is foll owed by
correction of the frequency offset 1005. However,
prior to the fine frequency 86fset estinmation 1003,
coarse 20 frequency offset estimation 1001 is
pP&AYIS 9 8lue ncR ke ASKId U TEd qUeRy otfﬁ?s%t bRYF c%MFEPQé within 20Hz as
differential detection is essentl ally a fine

requitpsely; fooexamsples 6AdRANGt | mati on process since the
error that can be detected and corrected is limted.
So, the coarse frequency offset error estinmation 1001

F'i’@reae e otk odizigearhi b$t thieo r@cgkeﬁml@éldaémfrdm@t to a second
| arger errors than the four synbol differential

egihaslimesh of dhe dBeNtaN h JUsh ke b feshegbagimest diftg &requency
ﬁﬁ&?%&h%ubﬁ 90/ G4 foPo\X/éa‘eo %B?re gkgrlfdfrﬁa‘é ﬁég s){/?rﬂt;fgﬁt 905.

e coarse frequency esti
Hopeevedl) admtlenallyaaveragmgetlBc(ﬂmfomtej Imnuldse I@spbese)r isoprovided by

art _or e dat i ded usin nble
eftaciha ke B3 Esironh 8, "Rinsira DosATEBR equency
estimation. 27 Three enbodi nents have been illustrated
and described but it wll be appreciated by the
AS{Sbédi!ﬁ@ ai_%?éélﬁgq’ihéF iSMABI PSR R fitgdhanges may be made,
still  wthin The scope of the present invention. For
exanpl e, the differenti al detection 5 span may be any
ynber, necessartly four t he synbol span
M@ewrqu reaSESJWTh_ réﬁu@ﬁéynmﬁ¢®e® error range
whi ch can be estimated becomes smaller (i.e. red&&@h
to 1/n of a quadrant ('-" ) where n is the synbol span
2n nunber). Al so, dependi ng on whet her the synbol span
wherbey is theostdoothireyfacfor. t he rotati on of i-may or may
not be necessary. 10 Also, the algorithmcould be
nodi fied to be applicable to ot her differentia

558098, § B AroPBoty BeCREler R ety (.
dmbwmenedf ﬂmf wﬁ@ﬂhbﬁr Jusspﬁk@ftherﬂchﬂand sécond embodiments, fine
frequency offset estimation 1003 is followed by correction of the frequency
offset 1005. However, prior to the fine frequency offset estimation 1003, coarse
frequency offset estimation 1001 is provided.

As already mentioned, the four symbol differential detection is essentially a fine
frequency offset error estimation process since the error that can be detected
and corrected is limited. So, the coarse frequency offset error estimation 1001
can be performed first to pick up and correct larger errors than the four symbol
differential detection can deal with. The four symbol differential detection is

used to fine tune the first estimation.

The coarse frequency estimation 1001 may be one symbol span differential
detection just like the prior art or it may be data-aided using preamble
correction, or any other known coarse frequency estimation.
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Bl ock 705 woul d apply an appropriate rotation (not
necessarily 4 ) which would 15 depend on the type of
nodul ati on and coul d be zero. Block 707 would stil
nove the synbols towards the x-axis but the anmount of
rotation required woul d be dependent on the base
phases of the nodul ati on sch&nme used. The frequency
estimati on can be used as a reference for other

nodul ated signals in the slot, for exanple the 4
DQPSK frequency estimation could be used to correct 20

Thiesq enegdiBrantet have 1eeennnilgstrated Qandi despdbed obut it will be
. : . . _ . _
SbBEERAH By hL SRHER RIS S ol ol ey pogpace, s
witbin therseope wéthd presebPBiestignaFer examples ithg differohits @letection
SEYhBUILOR G BRr At QeRRpRYSIRHE: A8 H1a snoR| sapn number
indRscRs0thd eqRBREYOSBE eftol fr8hGE tirath ¢ahesd 'é%ﬂp%fted‘ becomes
recei ved signal over a synbol™span of n synbols, n
. ' . ; i
<8030 JHRLERE I %1e8 Ao 2 VR W0 UGS spen
a

reviously estimted val ue of the frequency offset;
numbgar)yr Algei depandieg onovhetbeathengymbe! spamseumberiscddd or even,
synbol towards zero; and a calculator for calculating
tharvoestionnaf & wiaytdrandy agtibeegceddapt by conparing the
phase of edgch symbol with zero, the cal cul ator being
arranged to input the estinmate into the frequency
corrector for inproving the previously estimted

Alsal, the ollgbltithrfi r eyl sy mbdified . tol be 2apiitableattd néther differential
apparatus according to claiml wherein the rotation

det e s@‘ﬁéﬁ?c E?g?SDQ@’EfK,r ﬂDgg‘S{}% gﬁgfegl:i]n$ % i\foihgfbeﬁh %locks 701,

phase o ynbol  t'ogar a stel latTon
788, 08 BT AT SR ol B B BahRebhs 6 ocuiaton
Block 705 would apply an appropriate rotation (not necessarily %) which would
depend on the type of modulation and could be zero. Block 707 would still move
the symbols towards the x-axis but the amount of rotation required would be

dependent on the base phases of the modulation scheme used. The frequency
estimation can be used as a reference for other modulated signals in the slot,

for example the %DQPSK frequency estimation could be used to correct

frequency offset in 16 QAM or 64 QAM in the slot structure illustrated in Figure
3.
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3. Estimating apparatus according to claiml1 or claim
2 wherein the calculator conprises: an accunul at or

for averaging the | and Q for each synbol k over a
given 25 nunber of synbols K; a computation block for
cal culating the angle forned by the averaged I and Q
and a frequency of fset cal cutdtion bl ock for
calculating the estimate of the frequency offset from
Cldiensangl e fornmed by the averaged | and Q 30 29 4.

Esti mating apparatus according to any one of the
preceding clains wherein the previously estinated

1val UEsﬁﬁaﬁiH?fafgg%F’é’lﬁg?dr &tins &l dé@?cﬂﬁ'fgyr%fs%@fogﬁfé&nﬁar g;f’or

frequency o t estimation a mat | n
Disiasignals ecaroprising dn-pbasey aod quatirathee Grcorepoments o ars

i =4 6, [JEstimati.ng apparatus according to any
pm@{@ﬁ?ﬂ'@%ﬂsﬁ'&éﬁ?r?&pé‘raé}’gr&"ﬁ&aﬁ'é%-n t he si gngl s are 4
DQPSK diffisteheiblegbtebion fdrperfdiming Aifflepétidi etedition of a received

estimating frequency offset for a receiver for DPSK

signghayey a syWnpel spamOf mspmbels, n baieg gnaategeugesater than 1;

co r real i . . nd f.Qqr .

cor ¢ 8dfEEnbR gofeBic T pdrlorindEE iLodedRthut Tang Quusing
ayseviguslhestinstedmbre ofthodrequehbpoffssguency of fset,

t he appar at S SOMpr i st ng: 15 estlnmating apparat us

acco?dpﬁ’é'of‘z) agk/fos retaging the Phase efipach symbaktowards zgro; and

eco td Q
compaNaI BAE RERCAANRE 86 eLiimabol Gl Aarisd JFBY Sy
comipasngthe pbase efjeadt gywbbdbwith z8ro,Abe zaktuistonbeingdirranged to

to.claim7 further conprising coarse, estimatin 20
g e Sotsy Tl sy SRreEl RE S tomaHbe breviously
ebfiPauRNIu of 88 freQuerfiiPsifsditus according to claim7 or

claim8 further conprising an
2. Estimating apparatus according to claim 1 wherein the rotation block
comprises:

a first portion for rotating the phase of each symbol towards the signal

constellation of the DPSK modulation; and

a second portion for rotating the phase of each symbol towards zero.

3. Estimating apparatus according to claim 1 or claim 2 wherein the
calculator comprises:

an accumulator for averaging the | and Q for each symbol k over a given
number of symbols K;

a computation block for calculating the angle formed by the averaged |
and Q; and

a frequency offset calculation block for calculating the estimate of the
frequency offset from the angle formed by the averaged | and Q.
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averaging filter between the estimating apparatus and
the second frequency corrector, for snoothing the
estimated val ue of the frequency offset. 25 10.
Apparatus for estimating frequency offset for a
receiver for DPSK signals conprising in-phase | and
quadrature Q conponents for 2 plurality of synbols Kk,
and for correcting the I and Q conmponents of a
41 eceEytthatin @@bamuggcb@wngeﬁiaﬁ%ﬁéioyﬁ{élsre%fadlrgeclaims
frequency otfset, the apparatus ‘conprising: 30
WHET9IR th Preyviousdy @ﬁtlraatercgvalpelof theriraguendyf effsetwas estimated
j i [ over a synbol span of
”%ﬁé%%ﬂwﬁ( ﬁ%egégg%%ﬁ% %’gﬁmgmeater than 1; 30 a
first frequency corrector for performng an initia
corrgc@%o? of 1 and Q wusing a previously estimted
Sval uEStinaling appartes agcendingto any eee f thenprscedingr gaims
whetaihinad t he phase of each synbol towards zero; a
cal culator for calculating an estimte of the
frequency offset by 5 conparing the phase of each
symbpl.w t.h zero, .the calcul ator being arranged tq .

67 npuEsatia APRAtals BeESti @ bt Ofe BE e ceanecdaign
for inmproving thegpreviously estimted value of the
Wh?@ﬂj@é'?ﬁ:?'gaﬁfgss@p; —dHaP8§Ksmedulated signelscy corrector for
per form ng correcfion of I and Qusing the estimted

val ue of the frequency offset. 10 11. Apparatus
according to claim 10 further conprising coarse
7 est i fraparedus fgsestimalingffeaquenicy ffset fooar reseiver forddBSHS signals

SRS REN Toh Ry LSRN AT RSTRL Tl 5 St

k.cantpfor sesrecting teohandi Eempohents gfel kebRediddnal using the

egterfor mn gt&\f@e{genti al tection of a recelved

iryated SHRIICYGitse!, the @ppaats sgmaiising:

| corr %atrﬁétmg)épesfafn% 5&%1?991@3@{5;@{@4& §AAGTEEEMNg cidims; and

using a previou
f r eqasrcynadfregaency corrector for correcting the | and Q components of

the received signal using the estimated value of the frequency offset.

8. Apparatus according to claim 7 further comprising coarse estimating
apparatus for making a coarse estimate of the frequency offset.

9. Apparatus according to claim 7 or claim 8 further comprising an
averaging filter between the estimating apparatus and the second frequency

corrector, for smoothing the estimated value of the frequency offset.

10.  Apparatus for estimating frequency offset for a receiver for DPSK signals
comprising in-phase | and quadrature Q components for a plurality of symbols
k, and for correcting the | and Q components of a received signal using the
estimated value of the frequency offset, the apparatus comprising:

a differential detector for performing differential detection of a received
signal over a symbol span of n symbols, n being an integer greater than 1;
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20 a second rotation block for rotating the phase of
each synbol towards zero; and a cal cul ator for

cal culating the coarse estinate of the frequency

of fset by conparing the phase of each synbol with
zero, the cal culator being arranged to input the
coarse estimate into the thisad frequency corrector for
i mproving the 25 previously estimted val ue of the

ffeqwlflﬂ@t&frétgf S/coilr%cto‘NCf@ é\*féﬁ'mﬁ &R iAitBPcEPedBh &énd Q

of cl ains to 12 furth er cor?a ing an averagi ng
usingteepreyinusbegstimatedaiatug af aerm:amw offsetind f requency
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est i mlduj;atbr forwalsfatiid s esfimateiof edtatRient offsét by
ggDSK Si Fs coppri sing, in-phase | and quadrature Q

RBERG Mg Phase af ) PHF‘PPS/WB'F ze{mithe saleulatprbeing arranged to
ngﬂpﬁ{é‘éé’tﬁn d fPletst f’f‘e%; rc.%?Féc’E’c% r 18F rﬁﬁttoQ/fn fhle,previously
erform ng erentlal t|on a receiv
esfimataid alee oﬁtfa/ﬁnmensqymﬁsm‘t andgynbol s, n being an
inte ter corrector

o £ S Sk Betanty BorreePr K Taing C%rﬁact@mgff rand Q using

the E3tingataliaRed bieaFodiingg diset.ne Trequency of fset; if
nis even, a first rotation block for rotating the

phase of each syrrbol by Ir 4- 10 a second rotation

151K et RTS8 A g RS ot gt

apparatuseipn mwyn@bfcsﬁrsé);estlmatm@fr thedrdquenehatfeef each
synmbol with zero, the calculator being arranged to
i nput the estimate into the frequency corrector for

197 AR SoBTRH i 1 8 DI E L Sofhelig
appagtiencgmpfisest for a receiver for 4 DQPSK

a second differential detector for performing differential detection of a
received signal over one symbol span;

a third frequency corrector for performing an initial correction of | and Q
using a previously estimated value of the frequency offset;

a second rotation block for rotating the phase of each symbol towards
zero; and

a calculator for calculating the coarse estimate of the frequency offset by
comparing the phase of each symbol with zero, the calculator being arranged to
input the coarse estimate into the third frequency corrector for improving the

previously estimated value of the frequency offset.

13.  Apparatus according to any one of claims 10 to 12 further comprising an
averaging filter between the calculator and the second frequency corrector for

smoothing the estimated value of the frequency offset.
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signal s conprising in-phase | and quadrature Q
conponents for a plurality of synbols k, and for
correcting the I and Q conponents of a received signa
using 20 the estimated value of the frequency offset,
the apparatus conprising: a differential detector for
performng differential dete¥tion of a received

signal over a synbol span of n synmbols, n being an

14nt egstimatingtfipdraRie fbr &stimdtig fréq@e@cﬁﬁbﬁwﬂ fd?Cé Geceiver for
for performng an initial correctl on of and usi ng

SO, S OR o A i o

ase of each synbol b 71 4, a second rotation
p'b'lr%l&k of sympelsdf.ithe aPﬁéﬁfH%%"W'slé@ch synbol towards

2er 0y dfiffefbritial GH ({,}r %)fr%erﬁﬁ ?ﬁﬂ‘é? nifdl c?e?ébtg?{ ea%1received

t he ?requency 0 compart ng t e phase

sigyaboverva symber spart dfen sytrlmnolsahcbeuh@angntngeagmiett than 1,
i nput .the estimate

for PRy COREcirdor BRESTINGSHN WELGODERE of Féhd Q using

afﬂrsviaaéngxesﬂmaiea vam@;cbfﬁhéfr@%@ney Bffeauency corrector
for performng correction of d Q using the

est i ifat iscevenl, adirstf rotatiort bleqkléwrciyataifrfgs@te phla@e @€ each symbol by
differential detector for performng differential

Zrdet ection of a received DPSK signal, the signal

4:onpr| Si ng i n- phase | and quadrature Q components io

et o2 SO0 ittt pREERRY Sobtinbofie: Bias BF aph symbol towards

z6RS: @i on over a syrrbol span of n synbols, n being an
integer greater than 1. 17. A differenti al det ect or
accoPdragutatoc far realealing am gstimate of the. fraauergibPifset by

i [ f t r
ol e 5o o BB 121 L2 Sty B aranged o
inputtheeestimate intpl theafretiyendy sy)rrboios fior improving the previously
estimated value of the frequency offset.

15. Apparatus for estimating frequency offset for a receiver for %DQPSK

signals comprising in-phase | and quadrature Q components for a plurality of
symbols k, and for correcting the | and Q components of a received signal using
the estimated value of the frequency offset, the apparatus comprising:

a differential detector for performing differential detection of a received
signal over a symbol span of n symbols, n being an integer greater than 1,

a first frequency corrector for performing an initial correction of | and Q
using a previously estimated value of the frequency offset;

if n is even, a first rotation block for rotating the phase of each symbol by

.,
4
a second rotation block for rotating the phase of each symbol towards

ZEero,
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the nmethod conprising the steps of: a) performng
differential detection of a received signal over a
synmbol 20 span of n synbols, n being an integer
greater than 1; b) performing an initial correction of
I and Qusing a previously estimated value of the
frequency offset; c) rotatimg the phase of each synbol
towards zero; and d) calculating an estimte of the

f r eqaeegipulatdrs edr RYIcEETPGN iaRd cstiMald dThase ﬂaéqb offset by
synmbol with zero, the estimte belnﬁ able to be uSed
§

C%mpgrtlréqﬂhﬁ phase phpaeieymbel Witk veeudhg caloulatar beingartanged to
m@Pt{ _e[%ﬁrﬁ;\ﬁféf@ﬁﬂg ﬁr%?tfr)eqégnc%tcgfr{egt%? tf(ﬁrc‘f‘rﬁgb@% 4\8 previously
estimatesyvaiud of theafretpuereyoffsetiaridses: 30 rotating the
h f h nmbol t th | tell ati
D TR SRR ARIPCODRCIar BTG EHESRAE LAnd Q using
th%aééiln%%%ldé)mhgsfr&ﬁ?g%%%sép A method according to

claim 18 or claim in step d) of calculating
an estimate of the frequency offset conprises:

16 oA Rreb 888 o ety Aremie dRiiciion o mresiyed
DP$K ggﬁaawsubnan@b@ongng m‘-@hagé wahamdalaeataﬁé mt@érﬁp@ﬁents

the frequency offset fromthe antgﬁe formed by

fospepltepdity of symabals k, thedifferential Heteckerdniag ﬁgrancedﬁq perferm

o) Bichioh S R 20R0S) BBty i B B
gﬁéamqﬁgnmodul ated signals. 15 23. A nethod for

estimating frequency offset for received DPSK signals
conprising in-phase I and quadrature Q conponents for

1?‘ Pl ércﬁ*félremgl‘;ctiétlég?ﬁla%co#ﬁ’m@{bdclgﬁ’ﬁ Agl%ﬁ&‘ém Hg= 4 he |
18. A method for estimating frequency offset for received DPSK signals
comprising in-phase | and quadrature Q components at a plurality of symbols k,
the method comprising the steps of:

a) performing differential detection of a received signal over a symbol
span of n symbols, n being an integer greater than 1;

b) performing an initial correction of | and Q using a previously estimated
value of the frequency offset;

c) rotating the phase of each symbol towards zero; and

d) calculating an estimate of the frequency offset by comparing the
phase of each symbol with zero, the estimate being able to be used at step b) to

improve the previously estimated value of the frequency offset.

19. A method according to claim 18 wherein step c) of rotating the phase of
each symbol towards zero comprises:

rotating the phase of each symbol towards the signal constellation of the
DPSK modulation; and

rotating the phase of each symbol towards zero.
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esti mated val ue of the frequency offset, the nethod
conprising: a nethod according to any one of clains 18
to 22; and the step of 20 correcting the | and Q
conmponents of the received signal using the estinmated
val ue of the frequency offset. 24. A nethod according
to claim23 further includin® the step of naking a
coarse estimate of the frequency offset. 25 25. A

met hod according to claim24 wherein the step of

maki ng a coarse estimate of the frequency of fset
2Qonpf\|r§%f§‘°9t?é’°§f¢!ﬁg tQ £haimy 18, ¢laimyt ﬁg’VQﬁrﬁmtéﬁtqu calculating

aﬁ'%‘gﬁﬁtat %eq%\@%e%gﬁ,ghs@ger a synbol span of

one sy ormng an initial correction of

| analvé@agmgmed gndeQifousach sgmnbokk eder a givea mimbéreof symbols

Kfrequency offset; and 34 iii) rotating the phase of
each synbol towards zero; and iv) calculating the

coar §£c@|%hhg‘%ﬁ@ aﬁéleti’ﬁﬁnéﬂ ByHRe %Weﬂigfe‘iﬁf ay QE@mRari ng

t he phase of each”synbol w'th zero e estimate being

abl ecaloulating $keel eatimatepf thiei f)eqwncmﬂ@etefrohethprw\gle)twhged by

esti nat e al of the frequency offset. 5 26. A
tm%@ﬁ%ag%gé a%ﬁg to any one of clainms 23 to 25 further

conpri si ng the step of, before the step of correcting

the | and nponent s of the received |

28 oofnAly r@@gdlnaﬁ@ aaywaef caimsnitB tq 2@ Mg‘r%?mdﬁ“s et.
io 27. A nethod for estimating frequency offset for
recei ved 4 DQPSK signals conprising in-phase | and

23uadAanethed@aoongiog dotasy ainesofidiaimed 18 jo 21 wherbiol thelsignals
the net hod conprising the steps of: a) perform ng

aftl T pOPEK Modipitestsigiai@f a received signal over a
sydbol span of n synbols, n being an integer greater

than 1; 15 b) performng an initial correction of |
and Q using a previously estinated

23. A method for estimating frequency offset for received DPSK signals
comprising in-phase | and quadrature Q components for a plurality of symbols
k, and for correcting the |1 and Q components of a received signal using the
estimated value of the frequency offset, the method comprising:
a method according to any one of claims 18 to 22; and the step of
correcting the | and Q components of the received signal using the

estimated value of the frequency offset.

24. A method according to claim 23 further including the step of making a

coarse estimate of the frequency offset.

25. A method according to claim 24 wherein the step of making a coarse
estimate of the frequency offset comprises the steps of:

i) performing differential detection of a received signal over a symbol
span of one symbol;

i) performing an initial correction of | and Q using a previously estimated

value of the frequency offset; and
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val ue of the frequency offset; c) if nis even,
rotati ng the phase of each synbol by 4 d) rotating

t he phase of each synbol towards zero; and e)
calculating an estimte of the frequency offset by
conparing the 20 phase of each synbol wth zero, the
estimate being able to be us®&d at step b) to inprove
the previously estinmated val ue of the frequency

of f SH rotating the phase of each symbol towards zero; and
iv) calculating the coarse estimate of the frequency offset by comparing
the phase of each symbol with zero, the estimate being able to be used at step

i) to improve the previously estimated value of the frequency offset.

26. A method according to any one of claims 23 to 25 further comprising the
step of, before the step of correcting the | and Q components of the received
signal, smoothing the estimated value of the frequency offset.

27. A method for estimating frequency offset for received %DQPSK signals

comprising in-phase | and quadrature Q components at a plurality of symbols k,
the method comprising the steps of:

a) performing differential detection of a received signal over a symbol
span of n symbols, n being an integer greater than 1;

b) performing an initial correction of | and Q using a previously estimated
value of the frequency offset;

c) if n is even, rotating the phase of each symbol by —Z—;

d) rotating the phase of each symbol towards zero; and

e) calculating an estimate of the frequency offset by comparing the
phase of each symbol with zero, the estimate being able to be used at step b) to
improve the previously estimated value of the frequency offset.



