I A DPSK Denodul ator and Method Field of the

I nvention *@G00002* The invention relates to an

apparatus and net hod for denodul ating a received

DPSK signal . Background of the Invengl on Phase Shl"m""’”IIII"III"I”I"'"‘
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Quiéfat@%t Phase Bhift Keginga(DQPSKE BRé) Disfesermtiad . BitthaseuShift, Keying
is particularly inportant for the nobile stations
(DQB@H) are qihesvagationssnmuni cation to linit power

consunption as nmuch as possible. In traditional
denodul ators for DPSK signals, an anal ogue to digital
DQR8K ds teften employed in wireless Local Area Network (WLAN) systems,

8DPSK is used in some Bluetooth medium rate systems and %DQPSK is used

in a number of applications including Time Division Muitiple Access (TDMA)
systems, 1S-54 and 1S-136 (which are two standards of cellular systems
deployed in the United States, 1S-54 being the US TDMA standard with an
analog control channel and IS-136 being the US TDMA standard with a digital
control channel), some Bluetooth medium rate systems, PHS (“Personal Handy
Phone System’, ARIB Standard, Version 4.0, February 2003), Inter-Vehicle
Communication (IVC) and Terrestrial Trunked Radio (TETRA) systems.

Obviously, it is particularly important for the mobile stations used in wireless

communication to limit power consumption as much as possible.

In traditional demodulators for DPSK signals, an analogue to digital converter
(ADC) is used to convert the received analogue signal (either a baseband signal
or an intermediate frequency (IF) signal) into digital form for further processing.
One drawback of this arrangement is that ADCs typically consume a lot of power



(ADC) is used to convert the received anal ogue signal
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as high as 100 times the intermediate frequency) is required to ensure
acceptable performance. This is because the hard limiter works as a 1-bit ADC
and the counter is used to do phase difference detection. Thus, the arrangement
is not very complex so, to compensate for the consequent low resolution, a very
high sampling rate is necessary. This obviously means high power consumption.
Secondly, the performance in terms of Bit Error Rate (BER) is actually much
worse that traditional arrangements using an ADC. In fact, in the scheme
described in "Digital Intermediate Frequency Demodulation Technique for
Cellular Communication Systems" (mentioned above), the performance at a BER
of 10* is about 3dB worse than the performance of a traditional ADC
arrangement.
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Because the received signal is hard limited, no ADC is required, which reduces
design complexity compared with traditional arrangements. In addition, inclusion
of the DDC, decimator, filter and differential decoder means than the sampling
rate can be reduced compared with known arrangements incorporating a hard

limiter. Thus, both complexity and sampling rate are improved.

In one embodiment, the DDC is upstream of the at least one decimator and the
at least one decimator comprises one decimator for the | component and one

decimator for the Q component.

In another embodiment, the DDC is downstream of the at least one decimator
and the at least one decimator comprises only one decimator for the received
signal. This second embodiment is advantageous because only a single
decimator is required. In addition, since the decimator is upstream of the DDC,
the operating frequency of the DDC is reduced.



limter. Thus, both conplexity and sanpling rate are
i nproved. In one enbodi nent, the DDC i s upstream of
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deci mator conprises one decimator for the | conponent
and one decimator for the ® conmponent. In another
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Preferably, the CIC filter comprises N integrator stages, N comb stages and a
downsampler for reducing the sampling rate of the received signal. The down
sampler may reduce the sampling rate by a factor of R. Each comb stage may
introduce a delay of M to the CIC filter. The CIC filter may have the frequency

response:

H(w) = e )

(l z7 )N

where w is the frequency of the received signal.

In another arrangement, the or each of the at least one decimator is a finite
impulse response (FIR) filter.
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differential detection of |

In an alternative embodiment, the or each of the at least one filter may comprise
a low pass filter.

The differential decoder may be arranged to perform differential detection of |
and Q over a symbol span of one symbol. Of course, other symbol spans can

also be envisaged.

In one embodiment, the differential decoder comprises a decision block for
converting the differentially decoded | into an | output and for converting the
differentially decoded Q into a Q output, the | output and the Q output each
taking a value of either O or 1.

In that embodiment, the | decision may be: if the differentially decoded | is
greater than zero, the | output is 0 and, if the differentially decoded | is less than
zero, the | output is 1. In that embodiment, the Q decision may be: if the
differentially decoded Q is greater than zero, the Q output is 0 and, if the
differentially decoded Q is less than zero, the Q output is 1.
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ot her synbol spans can also be envisaged. In one
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signal may be a baseband signal. In one enbodi nent,
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Q from a received signal;
b) reducing sampling frequency of the received signal;
C) reducing noise outside a required bandwidth; and
d) performing differential detection of | and Q over a given symbol
span.

In a first embodiment, step a) is performed before step b) and step b) comprises
the steps of reducing sampling frequency of the in-phase component | and

reducing sampling frequency of the quadrature component Q.

In a second embodiment, step a) is performed after step b). The second
embodiment is advantageous because only a single decimating step is required
for the entire received signal rather than separate decimating steps for | and for
Q.



d) performng differential detection of I and Q over a
gi ven synbol span. In a first enbodinent, step a) is
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quadrature conmponent Q In a second embodi nent, step
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Step c) of the method may be performed in a low pass filter.

In one embodiment, the method further comprises the step of pulse shaping the
received signal.

In that embodiment, in a first case, the step of reducing noise outside the
required bandwidth and the step of pulse shaping the received signal may both
be performed in a raised cosine filter.

Alternatively, in a second case, the step of reducing noise outside the required
bandwidth and the step of pulse shaping the received signal may be performed in
a root raised cosine (RRC) filter. In the second case, there will usually be at least
one other RRC filter in a transmitter which transmitted the signals.
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requency ternatively, the received

harsi Ignlahgrﬂwrmlved)gE@zbﬁﬁlansl gnal . The received signal
may be 4 DQPSK nodul at ed. According to the invention
there is also provided apparatus for carrying out the

Préfetdtpgl dies Crddedibcbsiyeal is an intermediate frequency (IF) signal.
Alternatively, the received signal may be a baseband signal.

The received signal may be %DQPSK modulated.

According to the invention there is also provided apparatus for carrying out the
method described above.

According to the invention there is also provided a receiver for DPSK signals, for
carrying out the method described above.

Features described in relation to the apparatus of the invention may also be
applicable to the method of the invention and features described in relation to the
method of the invention may also be applicable to the apparatus of the invention.



According to the invention there is also provided a
receiver for DPSK signals, for carrying out the

nmet hod descri bed above. Features described in relation
to the apparatus of the invention may al so be
applicable to the nethod of Sthe invention and features
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Figure 8 is a graph showing performance of the demodulators of Figures 1
and 6; and
Figure 9 is a diagram of a demodulator according to a third embodiment of

the invention.

Detailed Description of Preferred Embodiments

All the described embodiments show demodulators for %DQPSK, but the

invention is not limited to %DQPSK and could apply to any differentially

encoded PSK signal. Also, for all three described demodulators, the input is a 2-
level (i.e. 1 bit) IF signal from an IF hard limiter. However, although the major
application of the invention is IF signals, the invention could also be used with
baseband.

Figure 1 shows a block diagram of a %DQPSK demodulator 101 according to a

first embodiment of the invention. The demodulator includes a Digital Down
Converter (DDC) 103, Cascaded Integrator Comb (CIC) filters 105a and 105b,



invention is not limted to 4 DQPSK and could apply to
any differentially encoded PSK signal. Al so, for al
three descri bed denodul ators, the input is a 2- |evel
(i.e. 1 bit) IF signal froman IF hard limter.
However, although the major10 application of the
invention is |IF signals, the invention could al so be

Roef RAIsRp oS USCATUPTo 007,806, U g & Sran{ALocodsr 109 and

a dSUgl%‘i#' BYBk Bgﬁ ‘rH%Ohé% X QPQIHDSE@'Q%W%L%?E 1604 (HEe$ bit) IF

S|gma1tfecgnaamﬂ= Gand lititeC)nét $haw). Theaoutputsiobthe demrduytator 101
6 COSI ne (RRC) filters 107a and 107b, a
arediqqd al$- decoder 109 and a decision bl ock 111.

The |nput to the denodul ator 101 is a 2-level (i. 1
bit) signal froman IF hard limter Bnot sho
Flgwree2@hpp4$ttbedBDQ1b01ﬂ@ﬁElﬂmfat1olﬂ more defiad. Digitad dQWH COHVGTS'ON

is Lfﬁ??in‘%die(cg ielgﬂ'&e ﬁpﬁ?? Hb%nBRPI 108 k. é:u gj % ddhponent Q

conversi on

fromeaRe Yeceilé® IF Erglﬁbﬂ%edﬂmgml rganl bmembrebsed} aenlr ature
conponent Q fromthe received IF signal. The IF

signal can be expressed as: Sk = Ak cos{2Tff 1Fk7, +Y'k

} ere .S, the npl e nunber (aI so known as the

ko?g Mlié}‘ﬁ#ﬂi%t ude of the sanpled IF signal at

sanplek fIFlsthe|ntermsd|atefreguenc Ts is
wheiatk is thet sarapleomembentdlso knawntas thexarder)e i lﬁeamplltude "of the

sanpling interval and Ok is the phase of the sanpled

sar‘nﬁle‘éi' BNsignat assambre k; fIsis(thei iaterimedenedteduenty, 7i & the time
bei ng the sanpling freguency) is chosen so that fS is

be@@e Odhé'sa %?ébph%hé%&“ 'th%béé’rhp @gﬁﬁﬁ?@%ﬁd ¢,h|s the phase

ornance In enodul at or

offhgt%rﬁlp@&qu q’ﬂgﬂg ggﬁ]gfgkmnce with this arrangenent

req ency f5 nmuch | ower than the
sanpl i ng frequency in known

T, (which is equal to ;1—- f, being the sampling frequency) is chosen so that f,

3

is as low as possible to still obtain acceptable performance in the demodulator
given f;. We can obtain acceptable performance with this arrangement with a
sampling frequency f, much lower than the sampling frequency in known

arrangements which use a hard limiter to digitize the incoming signal, as
discussed previously. This is because, by sacrificing some of the reduced
complexity of known hard limiter arrangements, we can obtain a huge decrease
in required sampling rate.

As shown in Figure 2, the | channel is formed by multiplying S, by

cos{27;f,FkTs} at block 201 and the Q channel is formed by multiplying S, by



arrangenments which use a hard Iimter to digitize the
incom ng signal, as discussed previously. This is
because, by sacrificing sone of the reduced

conpl exity of known hard |inter arrangenents, we can
obtain a huge decrease in tequired sanpling rate. As
shown in Figure 2, the I channel is forned by

_ [tiplying Sk by cos{27ffJFkTs } at bl ock 201 and

qu’u pffﬁaahbloaksm&r'ﬁiw resulting 1 ignidyQneprerongnts itherefore have
sin{22ffFk7 } at block 203. The resulting | and Q

thedommionent s t herefore have the form Ik = Ak

27rf 1 EkTs 7 k d ./, =
Ikg)gi : ﬂﬁIFI %}}Sﬁ?ﬁ{ HJIJE " }Fiagure 3 shqgws Qgch

CICflIter 105a, 105b of Flgure in nore detail. The
andg) fllters are used to perform decimation. A CIC

f|| t perform ng decimtion
Qk(o g’ﬂgﬁ%@i Siﬁl% kl%éoes not contain

rrultl pliers. As shovvn in Figure 3, each CIC filter

105a 105b conprises an integrator portion 301 and a

gofsTl dhowd eacRGIC fesrwilSa, t105bi oft Figued drinpmiore aetsdD The CIC
and the conb ortion 303 there i s a down #
flltqranare sgeditagp seapimaten r Ald Culites is vapy 8&'0%%@6 orming
; I+ : [ es 307
cedfiBTPEMSRpEHE) SAER' 4 B B BpRrac:
integrator stage is sinply an infinite inpulse s T,
respons | filt like a.l .
As FPRBNT Figkrer aacalG Biers i i 1hob candises af Higgrateportion
30‘ﬁ_|aﬂﬂk§@f>ﬁ\tb b?ﬁi%n%f @twe%h“fhquégrat%?%rl?dﬂ"%?rta?ﬁietHécomb
nite 1 nmpul se response (FIR) filter which
ponﬂohs303 khaere isi @ ldowas safmiplere305 for reducmg the sampllng rate by a

factor R. The integrator portion comprises N integrator stages 307 clocked at rate

/. =TL. As is well known, each integrator stage is simply an infinite impulse

s

response (lIR) filter which acts like a low pass filter. The comb portion comprises

Js

N comb stages 309 clocked at rate ?=%. Similarly, each comb stage is

5

simply a finite impulse response (FIR) filter which acts like a high pass filter.

The CIC filter may have the frequency response:

H (0)) (1(1 e: C;A)]

where w is the frequency of the received signal and M is the time delay at each

comb stage of the CIC filter.

To reduce the power consumption of the subsequent RRC filter 107, the higher
the decimation rate of the CIC filter 105, the better. However, greater decimation



The QA Cfilter may have the frequency response: 1
e-iRMW Nw N H(w - (1-e)-i where wis the frequency
of the received signal and Mis the tine delay at each
conb stage of the CICfilter., To reduce the power
consunption of the subseque’h'% RRC filter 107, the

hi gher the decimation rate of the CIC filter 105, the

oo BB s Al B G o
be fBiid bé’@vefggulﬁw Q%‘rhpﬁ’rq rét@"i’n RETRROGrRHE0d 'BEF'@%eﬂBﬁnance of

and good R per ce of the denodul at or
thectiemsdulaion Smdws aleessoR, aMe apdf Nr appropristaly rfed the required

requency res e CICfilter. Figure 4 shows

fregﬁﬁ Fﬁ%&g?ﬁetgftﬂf%lgmﬁed% of Figure 1 in nore detail.
In this enbodinent, RRC filters are used in the
recei ver since there wll also be RRC filters

Flggfﬂ)\ﬂthWrS eaehtRBRsfitert ¥97a,ntlAh Af Figiae 1 e raoier aﬂa" In this
o Bt RRC Yok B2l 166 35S E03HEE 4 MIPBo bo RRC

filte?s O(@th?fshoffvnl) Ha theotrhnsmitiernmeanihd d¢hatthe @verali fputdeesbapmg
were no RRC fi|ters i.n the ran

follpwe dhe saised cosinsclnetien &@nw M6 PUSTal Hest OF 156 B fitges s the

e S A Ry ke g g e s i
e

trabsmifier dwe colid Momcnratesmobdospertﬂ rssinr kEiguren tlnsiead of RRC
fltl ntroducing inter synbol interference and also to
"8duce noi se outside the requi red bandwi dth. Referring
to Figure 4, each RRC filter 107a, 107b conprises 49
taps 401 in succession. nunber of taps could be
In ampease,ftbe pureoRRRYS thel RBE fqlégs isotegperéorm pulse shaping to reduce

the bandwidth of the over sampled symbol stream without introducing inter
symbol interference and also to reduce noise outside the required bandwidth,

Referring to Figure 4, each RRC filter 107a, 107b comprises 49 taps 401 in
succession. Any number of taps could be chosen for the RRC filter (as long as
the filter's frequency response meets the system requirements) but we prefer an
odd number of taps so that the centre of the filter's impulse response will be a
peak (rather than two equal values). Also, the greater the number of taps, the
more attenuation there will be outside the desired bandwidth, but the greater the
filter complexity and delay.

Referring once again to Figure 1, after the RRC filters 107a and 107b, the | and
Q signals are input into the differential decoder 109. The differential decoder
comprises buffers 113a and 113b, multipliers 115a, 115b, 115¢ and 115d and
adders 117a and 117b. The differential decoder 109 performs differential
decoding of the incoming | and Q signals over a symbol span of one symbol, as
follows:



the filter's frequency response neets the system

requi renents) but we prefer an odd nunber of taps so
that the centre of the filter's inpul se response wl|
be a peak (rather than two equal values). Al so, the
greater the nunber of taps,'3he nore attenuation
there will be outside the desired bandw dth, but the
greater the filter conplexity and delay. Referring
once again to Figure 1, after the RRC filters 107a and

Iougﬁ(fsf_ellﬁlﬁf} a(zngg_clgé'? §%%d| ﬁ)er eintnlt gl t Ia:coder

rises buffers 113a an b, multipliers 115a,
o.;l;ing Q,166) ahd(/qﬂ:ébi—aln.dk)’a"@ ~1}7a and 117b. The
differential decoder 109 perforns differentia

decodi ng of the |ncom ng I and Q SI gnal s over a synbol
span of one

This qan( ke seen(qearm ﬁem hb%b W@(m*'pr(qd 1yhechufk) igjgnal is input
Qn (k) * lan (k -1) - I;n (k) Q@n (k -1) This can be

intes befferct €3, muftiptien bl 6& lanti0ultiplie §15e The e (k) rsignal is input
signal is input into buffer 113a, multiplier 115a and

intarbufférn1 13, maltiplierrhtband n(umpltergﬁ@ki Theibfier 113atautputs the
buffer 113b, rmultiplier 115b and pultiplier 115d. The

I s@uélfffoml’dc@apmrtqmst sarmple i.4. £, (hall) andrstores ivee ;,.6@§3|gnal for

anple i.e. in (k -1) and stores the Iin (k) _sig
thef oext utaeatmutSimntarb{t itbe. bufer 143b youtputs the r@r smmab from the

outputs the Q fromthe r us sa [
pregious(sample ign ? .—ela andestares tbg) s(gh&gnal?érthﬁenﬂwteratlon

iteration. The output of nmultiplier 11 5a is |

The o(ultput df)mulltlpberbihﬁﬂus d(k) ’hé(/ﬁuﬂ)i fhiei eutput ofthe TTBJ"(RHGI 115b

ik -1) , the output of nmultiplier 11 5¢ is L

is Q(k) ik arl)j thecoutpupb of mudtiplien|t15p1is el (k1T Q& + 5 @(wl)t e output
Qk -1) . The outputs fromnultipliers 11 5a and 11 5d

of muulpllepmﬂSd is @@&IEQ(kriha Theooutplitsyfromimultipkers1)15a and 115d
Qk)Qk -1) i.e. lout (k) . The outputs from

aréﬂHﬁdtﬂhtoehadéﬂ 190 aapddlginge Tk (ko) Ok yQedady g 7, (k).

produci ng
The outputs from multipliers 115b and 115¢ are input into adder 117b producing

Q) (k=)= 1(k)Q(k 1) i.e. Oy, (K).

After the differential decoder 109, the | and Q signals are input into the decision
block 111. The decision rule might be something like

I >0,I=0else [ =1

out

lfQout > O’Q = O else Q = 1
or any other suitable decision algorithm.

Figure 5 shows performance of the demodulator of Figure 1 under three different
test conditions. In all three cases, the symbol rate was 2.048 Mbps, the



QK)I(k -1) - I(kQk -1) i.e. Qut (k). After the
differential decoder 109, the | and Q signals are
input into the decision block 111. The decision rule
m ght be sonething like If lout >0 1=0Celse | =1

| f Qut >0, @=Cel se Q=1 or anl# ot her suitabl e decision
algorithm Figure 5 shows performance of the

denodul ator of Figure 1 under three different test

intep@iadidté Grsquenayalfl, tWesee. 1925 iz tand thenBIC filter ecomprised two
2.048 Mops, the 14 internediate frequency flF was

staged, 9ith\eizleaimdatiorerate Of R4 (. thengecasiieg raie was alyeys  of the
with a decimation rate of .R=4 (i.e. the decoding rate

sarigtlﬁlg*ngai‘d@)\/?iédré Bfs 4 biot of alpl éxpressdcdin dFioputhe Bakis versus bit
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powergna 1Hg hesidyidtnaSogthe Traerioas raliy greiss form gﬁ&'ﬂ"?kto hoise

shO\Q/nbals a function of Noi.e. in terns of the

probability of error. In graph A _the sanpEbng rate f
ratmaghqgllnd’léum. th.QERl%S?'PWE§St%EJW‘§'PBr Ebé{%eE“ tefmsof the

frequency) and the decoding rate was 32. 76glgl\/l—|z. In

prc%bbmty&,eﬁrdﬂ@ sanpling rate fs was 262.144 Mz (i.e.
32 tines the internedi ate frequency) and the decodi ng
rate was 65.536 MHz. In graph C, the sanpling rate f3

o 83030 o e . e T M B S0 mosis
o] AR ey R e 1 0 ietinBing et

£, WastzEeZ, ¢44 M2 (itd1 82 trhesthe intermédiatesfrequendyh and the decoding
particul ar, this enbodi nent shows an i nprovenent of

ratd wasié5.886 MHBER griph €,4hesempling rates fewad i 28 MH(i.e. 64
"Digital Interned ate Frequency
times the intermediate frequency) and the decoding rate was 131.072 MHz.

Figure 5 also shows the theoretical result — graph D.

It can be seen from Figure 5 that the BER performance is better than that of prior
art systems. In particular, this embodiment shows an improvement of 1.5 dB at a
BER of 10* over the system described in "Digital Intermediate Frequency
Demodulation Technique for Cellular Communication Systems", Hideho TOMITA,
Yukio YOKOYAMA, Toru MATSUKI, Global Telecommunications Conference,
1990, and Exhibition "Communications: Connecting the Future”, GLOBECOM
'90., IEEE, which was mentioned earlier. In addition, the sampling rate is lower:
up to only 16 times the intermediate frequency as opposed to at least 32 times
the intermediate frequency (and possibly as high as 100 times the intermediate
frequency) in prior art systems.



Denodul ati on Techni que for Cellul ar Comruni cation
Systens”, H deho TOM TA, Yuki o YOKOYAMA, Toru
MATSUKI, d obal Tel ecommuni cations Conference, 1990,
and Exhi bition "Conmuni cations: Connecting the
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earlier. In addition, the sanpling rate is lower: up
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hard limter (not shown) and the outputs of the
dem)dul ator 601 are | and Q signals. The Figure 6
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just like that shown in Figure 3. There is an
i ntegrator portion conprising N integrator stages

Thel Okk §llea608 dtas & structurg. just likef that shednbin Bigwioewd. There is an
sanpl er for reducing the clock rate by a factor R 1

A ONt i RGP StSder dbekad 3t ARBS f = —
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Mand N a proprlatelyd endi ng on the required '
folhmathey]ayf wn sampler for reducing the clock rate by a factor R, followed by

a comb portion comprising N comb stages clocked at rate

L

——. Once again,

we choose R, M and N appropriately depending on the required frequency
response of the CIC filter.

Obviously, with the arrangement of Figure 6, only a single CIC filter is required
since the | and Q signals have not yet been isolated; this is one advantage of the
Figure 6 arrangement. Also, the CIC filter can be greatly simplified as explained
below.

In a CIC filter, the bit width growth is very fast. The output bit width can be shown
to be:

But =|-N10g2RM+Bin-|

where B, is the input bit width, B, is the output bit width, N is the number of CIC

filter stages, R is the decimation ratio (i.e. the reduction of sampling rate as



response of the CIC filter. Coviously, wth the
arrangenent of Figure 6, only a single CICfilter is
required since the I and Q signals have not yet been
isolated; this is one advantage of the Figure 6
arrangenment. Al so, the cc fbiter can be greatly
sirrpllfled as explained below. In a CCfilter, the
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have a rat her Ia\}_ge bit wi dth. Myeover the Bout bits
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f Sefakd |
forf 81, 508 o ORSTESF G045 0 i afien T boin
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en&?re%cé%cbledf ﬁ@l’fbﬁméﬁ’ce fhﬁ‘sthéeDEI@ emgﬁljﬂ)épﬁ&gormcm =1 and

Bj=40. B tshcfoomefhehamér rfawd ety BABAGEMBht of ’Fl%ure 6, the
Figure 6“ the input to the CICis the output of

m&u@t@thé OICas thBigutputsof] thethakd Hintiter Sehich 9 jist2t bitRSE, for N=2,
and Bin =1, Bout is only 5. Thus, the out put blt

R=4i M=h1 aad Bg iédlEeds ohily B, Thes,Rhewigp@ 15it widtb &a@Nbe reduced
which is cl early advant ageous. Referring once again to

withithe Figuie & amangdraedl, WHich isecle@lBadvdrdageousal i s i nput
to DDC 605. In the Figure 6 arrangenent, the cl ock
rate of the DDC can be reduced

Referring once again to Figure 6, from the CIC filter 603, the signal is input to
DDC 605. In the Figure 6 arrangement, the clock rate of the DDC can be reduced
since the CIC filter has already performed decimation; this is advantageous since

it reduces power consumption. So, whereas previously the DDC clock rate was

s

f,, the DDC clock rate can now be = Also, if we set the sampling frequency

f, appropriately, the DDC structure can be simplified as will now be explained.

If we set the sampling frequency £, in the CIC to be 4Rf ., the sampling rate in

the DDC is %=4 f,». Considering the DDC structure shown in Figure 2, we
see that the | channel is produced by multiplying the incoming signal by
cos{Zﬂf,FkTs}and the Q channel is produced by mulitiplying the incoming signal

by sin{27gf,pk1}}. However, since the DDC rate is four times that of the

intermediate frequency, we can simplify the cosine and sine functions. This is



since the CIC filter has already perforned deci mation;
this is advantageous since it reduces power
consunption. So, whereas previously the DDC cl ock rate
was f3 , the DDC clock rate_can now be Ls . Also, if
we set the sanpling frequendy fs appropriately, the
DDC structure can be sinplified as will now be

expl ai ned. |f set sanmpl requency. fs.in
bog 5oy BUBLONREYHS. Ex Ll R aluRS 1 1 BE biahdisth x lekes the
valiB&o, it, ® ghd - WeGRSHERE S éfhtﬁlsqec‘srﬁ{p’lrﬂﬁfh‘ér SD%hQ%hown in
in Fi gure 2, we see that the |I channel i's produced by
Figwie i pl yi ng the incoming signal by cos{2 flFkTs}and

the Q channel is produced by nultiplying the incom ng
signal by sin{2TlflFkTs}. Hovvever since the DDC rate
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I tih
SUBRRSHES gafitlls AR IGHE 71 | 3"5“‘“ Lane ! %“gﬁ‘”aé‘ J*'?{;QS“'“”Q |
componpentsraxk éhersforefoftthe forms:si npl i fy the DDC as shown
e 7. Referring to, Figure 7, the inconin
1, 5 it Seh Qe agiogie ivek efing 1Fgldhal on®o miom

successi ve sanples at block 701 to produce the |

channel. The resulting | conponents are therefore of
Th{egﬁcérﬂfngseigﬁél §(m91tl 35(81?) ng,leli Qaﬂsongll ﬁ%eesgﬂ)‘e E%ﬁples at

blotk @uce %oku%b tﬁanngﬁ%'n}ﬁﬁl SI"HQJJ' g %béd?ﬁ r?egﬁsta‘?e therefore
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of thecfoehere of the fornms: Ck = 0, Sk, O - Sk over a srngle
cycle of the |nterned|ate frequenc naI na be
Qka‘bp,egkt(b—%méeraa §ingfe aycleoffhe ntey. H”ﬁy E?C’cur?é‘
the Figure 1 arrangenent. However, thls is less
likely since the clock rate of the DDC in that

W?L rgfa gr%@?wlret gr?smgﬁe %esi‘nﬁra{rbeﬁ@nﬁ@trohet@% ODESnpEFigure 1
| It
arrangement. However this is less likely since the clock rate of the DDC in that

arrangement has to be f, (because the DDC comes before the CIC filter) and it

is unlikely that we can obtain acceptable performance with a sampling frequency

only four times the intermediate frequency.)

Referring once again to Figure 6, the | and Q signals are then input to RRC filters
607a and 607b respectively. The RRC filters are used for pulse shaping the
symbol stream without the introduction of inter symbol interference and also for
reduction of noise outside the desired bandwidth and each RRC filter may have
the structure shown in Figure 4.

From RRC filter 607a the | signal is input to the differential decoder 609 and from
RRC filter 607b, the Q signal is input to the differential decoder 609. As before,
the differential decoder comprises buffers 613a and 613b, multipliers 615a, 615b,
615c and 615d and adders 617a and 617b. The differential decoder 609



is unlikely that we can obtain acceptabl e perfornmance
wth a sanpling frequency only four tines the

i nternmedi ate frequency.) Referring once again to
Figure 6, the | and Q signals are then input to RRC
filters 607a and 607b respéétlvely The RRC filters
are used for pulse shaping the synmbol stream without

t.he i i nt.e nbol terference and al so
pefidiind Hiterenial drcding &1 hariPaping, andst, sanals.awpaensymbol
spéwgfg,q@g Rl fdslfb%wgay have the structure shown in

Flgure4 From RRC filter 607a the | signal is input

to the d|fferent|al decoder 609 and from RRC filter

607D, i e differential

o &F:})ﬂe’;n?Zég I bfhaﬁ.(%g &(T‘Ifiﬁrentlal decoder
ri ses buffers 613a and 613b mul tipliers 615a,

0518 = 05 (6y*dk61Be- ApgeRtds(k-@)7a and 617b. The

differential decoder 609 18 perforns differenti al
decodi ng of the incomng I and Q signals over a synbol

AﬁfsaFﬂ?q(&ﬁP?n @?égg%iﬁr( 6@9 dﬁﬁl(loi@mr% QI %ﬂélg)@rginput into the decision
blogk '814), WHich pkoduces! INdrd BbiMplitstiromy ﬂ'\%rdlffbﬁentlally decoded | and

differential decoder 609, the | and Q signals are
Q.input into the decision block 611, which produces |

and Q outputs fromthe differentially decoded I and

Q (In the Figure 6 arrangenent, we noved the C C

(Infthet Bigurd € BfraryemenfewBDFovalithe OIC sk L@)%’ef@ém of the DDC
advantages. It would be possible to also bring t

whighs brosgit severad advantagese llewouldnbe Passil) éonalfo wlng the RRC
upét?é Lot tﬁe%@wg\ﬁevérj YRE qr%‘?{g‘eéﬁ?efﬁtr\ﬁllll?@gpﬁwé Egl;nplex filter

exi thi's conpleX us
betdnerthe tDECm’cptm(bbmdeéxwm‘ thveo cOtiREled filtear is. us‘NaﬁI? hlgb)er than

the. Shieleutiy faheitho BRE lipisuiSa draaishidne o iabbaadsnoise and
higfh'e'rthérquency components of the DDC output, some kind of low pass filter
may still be required after the DDC, even if a complex filter is used before the
DDC. Therefore, although possible, this arrangement may not provide any
additional advantages.)

Figure 8 shows performance of the demodulator of Figure 1 and performance of
the demodulator of Figure 6 for a symbol rate of 2.048 Mbps, an intermediate

frequency fjr of 8.192 MHz and a sampling rate of 131.072 MHz (i.e. 16 times
the intermediate frequency). Like Figure 5, Figure 8 is a plot of ]lf[_b expressed in
o

dB on the x-axis versus bit error ratio (BER) on the y-axis. As before, for a fair
comparison of the Figure 1 and Figure 6 arrangements, we set the decimation
rate R to be 8 for the Figure 1 arrangement (plot E) and we set the decimation
rate R to be 4 for the Figure 6 arrangement (plot F). Once again, the theoretical

result D is shown for comparison.
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fa ey of the Figure 1 and Figure 6

sarglp '&915%%5%@ we set the decimation rate Rto be 8
for the Figure 1 arrangenent (plot E) and we set the
decimation rate Rto be 4 for the Figure 6
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of conpar i son.
that the two enbodi nents_(shown in Figure 1 and ?
thirgy emabedimentafdhe dpvantiop. The Rigwre 9 agangemens is sipnilasde that of
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enment over prior € and t
908 amdl thedRRE&t fwlters GOGaeand 600 lhavé beleowe pladeidobyk simplgriaw pass

gD R Y Se S0/ 1 it R, crinosEmet Tacgads adhecimation Fiter
Dv;ggé%”h'@bd 905 hEPFgf 907d SHE D gglét d#ﬂé?erﬁla@d‘édoaer 9@©3and a

een rep ace y a generic cilmati on [ter
decisivnt BleciRBEC1 f Abtwiths F@m?es 4rahds6,7hehnpeat tmeme derpbduletbr 901 is

ther vl resiaal faanandF et Jdter dhek shawp! ndrhB autots of the
defriddlila o800 Pakafd @ mgﬁE@. 907a and 907b, a
differential decoder 909 and a decision block 911. As

with Figures 1 and 6, the input to the denodul ator 901
TheSDF 903 is simply a general decimation filter for example a FIR filter. The

purpose of the DF is to reduce the sampling rate.

From the DF 903, the signal is input to DDC 905. The DDC structure may have
the structure shown in Figure 2 to produce | and Q channels by multiplication by

cos{27;7’,pk7"s} and sin{27f,.kT, }respectively. Or, the DDC structure could be
simplified like DDC 605 in Figure 6. For example if the sampling rate of the DDC

is four times the intermediate frequency, we can make use of the fact that the
cosine function takes the values 1, 0, -1, 0 over each IF cycle and the sine
function takes the values 0, 1, 0, -1 over each IF cycle.

From the DDC 905, the | and Q signals are input to the LPFs 907a and 907b. As
already mentioned, the RRC filters in Figures 1 and 6 are used for pulse shaping
and rejection of noise outside the required bandwidth. The pulse shaping was
performed by the raised cosine function either by having RRC filter(s) in the



the 2-level IF signal froman IF hard [imter (not
shown) and the outputs of the denodulator 901 are |
and Q signals. The DF 903 is sinply a general
decimation filter for exanple a FIRfilter. The
purpose of the DF is to reddfe the sanpling rate. From
t he DF 903, the signal is input to DDC 905. The DDC
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bandw dt h. The pul se shaping was perforned by the
rai sed cosine function either by having RRC filter(s)
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in the receiver. However, sone kind of filter is

pedorms dlw&nheldde@odlegmfethednsenmg $ianel Eheignatpuioveria symbol
erence, so we use sinple | ow pass
sp$r?ﬂf'§'{;§‘sgw§'i‘%§d#83§u/g By performng all the pulse

shaping on the transmtter side, the structure of the
receiver can be sinplified. FromLPF 907a, the I

lg(/g)IaIII(k)?"dpl(lk—féb)-t-@a @)@ @o+ilpl decoder 909 and

romL

Qo (k) = 0, ()* I, (k1) - I, (k)* Q,, (k1)

After the differential decoder 909, the | and Q signals are input into the decision
block 911.

Thus, in all the described embodiments, there is a lower power consumption
because of the lower required sampling rate. Also, the performance in terms of
BER is improved over prior art demodulators as shown in Figures 5 and 8.



907b, the Qsignal is input to the differentia
decoder 909. As before, the differential decoder
conprises buffers 913a and 913b, nmultipliers 915a,
915b, 915c and 915d and adders 917a and 917b. The
di fferential decoder 909 p@ﬂforns differentia
decoding of the incomng |I and Q signals over a synbol
Clsﬁﬁg of one synbol, as foll ows:
3l (K)I'jn(k)Irn(k-1)+Q n(k)QL,, (k-1) Qout(k) =
Qn(k)lin(k-1)-1,n(k)Q, (k-1) After the differentia
decoder 909, the | and Q signals are input into the
1. decApparatup ferctermedulating € received harddindised diffesentially encoded

phide SRS (R b e A BN AT W'so, e

per ddigtandewncdrsenter DD CBES gendrati@ ¥R dn-phase ??hﬂ)"onent |

art depodul ators as, shown in Figures 5 and 8.
angaAyadratura sampoNgst et 21EaesiadSi9na): a recei ved hard

s . . . .

e psfotd PSS 85015 LonRa oty ko
sigdalin converter (DDC) for generating an in-phase

co ent | _and a adrature c onent fa,.
" ecB et ope AllR fobr G heike it ouled beBduidthyend
samgldiffsrehfigicaeidrisr fr ptorreg bifRFeial detectidh dfg%ﬂd Q over a
~one filter for reducing noise outside a require
givearsywhod spaand a differential decoder for performng
differential detection of I and Q over a given synbol
span. 2. Apparatus according to claiml| wherein the

2. DDCAppatiigs ReBtding teclaim 1! @Refei®Be IBDCNRBL @pstidtin tdfethe at
at | east one deci mator conprises one deci mator for
least one decimator and the at least one decimator comprises one decimator for

the | component and one decimator for the Q component.

3. Apparatus according to claim 1, wherein the DDC is downstream of the at
least one decimator and the at least one decimator comprises only one
decimator for the received signal.

4. Apparatus according to any one of the preceding claims wherein the DDC
is arranged to generate the in-phase component | by multiplying the received
signal by a cosine function and to generate the quadrature component Q by
multiplying the received signal by a sine function.

5. Apparatus according to claim 4, wherein the DDC is arranged to operate
at a frequency that is four times the frequency of the received signal and the
cosine function is simplified to the values {1, 0, -1, 0} over each cycle of the
received signal and the sine function is simplified to the values {0, 1, 0, -1} over
each cycle of the received signal.



the I conponent and one decimator for the Q conponent.
3. Apparatus according to claim1, wherein the DDC is
downstream of the at |east one decimator and the at

| east one deci mat or conpris§§ only one decimator for
the received signal. 4. App&fatus according to any one
of the preceding claims wherein the DDC is arranged

E ge 555{@\ @%@tcc(é{ g @‘?’ag%g?ﬁlgg %qgﬁ%qc?/ | tHPst {y‘he?em the or

ea8ifBER 8t fdast GHéQf&irHéfbr%ﬂ’Fﬁ?l%%Bta &ébédemhtég?bwr%mb (CIC)
the received signal by a sine function. 5. Apparatus

filtefecording to claim4, wherein the DDC is arranged to
operate at a frequency that is four tinmes the
frequency of the received signal and the cosine

7. f undpparatis asbmmim'lg 'tceénycbrtdﬂef slaimed 15, Wherein the or each of

r each recei ved si the S|ne
theyRheas G SECTAGHT I einien WSS crspese 6711 i,
over each cycle of the received signal. 22 6.
Appar atus according to any one of the preceding clains
8. wheApparathe ascording o egnyt dree af theaxecemag mmmwnerem the or

ea&g gg{hg’ %iegﬁtgcﬁfegﬁf@ i$ aprtgﬁ ‘858 %C%hqmn% o? he recelved

sighBprein the or each of the at Ieast one decimator is
a finite inpul se response (FIR) filter. 8. Apparatus
according to any one of the preceding clains wherein

o 1 e BBl 1 o L RABu] Yo e AR9BE et one

filtéanprises alcoopatlt ofatraisetidosin® fillegr ei n the or each of
the at least one filter conprises all or part of a

rai sed cosine filter. 10. Apparatus according to claim

109 WARh&HdIud HecBFdifG 38 Mint BEwRLrelf@%d of Mach of the at least one

filter comprises a root raised cosine (RRC) filter.

11.  Apparatus according to any one of claims 1 to 7 wherein the or each of the
at least one filter comprises a low pass filter.

12.  Apparatus according to any one of the preceding claims wherein the
differential decoder is arranged to perform differential detection of | and Q over a
symbol span of one symbol.

13. Apparatus according to any one of the preceding claims wherein the
differential decoder comprises a decision block for converting the differentially
decoded | into an | output and for converting the differentially decoded Q into a Q
output, the | output and the Q output each taking a value of either O or 1.




filter conprises a root raised cosine (RRC) filter.
11. Apparatus according to any one of clains 1 to 7
wherein the or each of the at |east one filter
conprises a low pass filter. 12. Apparatus according
to any one of the preceding 28| ai ns wherein the
differential decoder is arranged to perform

differenti al detection of nho
1401 BRBIGINIHACCTIRNG b piamm: 1 WReEhal e ATk Tohedboted | i
grediér hafR GRS NdheCl @\itgﬁ g‘@% d”lfttltf@dlffdréﬁtfdlgrﬂéhcﬂdeﬁqng’&s than
conprises a decision block for converting the
zendi, theek eutputbisi 4. decoded | into an | output and for
converting the differentially decoded Qinto a Q
output, the I output and the Q output each taking a

15val pppafatés taleebrcﬁhg)lto l:lalﬂ}31 3%r e@mﬁﬁatWﬁem Oif %@llﬁé?entlally
clai m13 wherein differential l é decoded
da

degpdagt & is Hgreatesy ﬂ‘alnt H’-érq, et putoutpHtoisaRdand f Iftﬂ‘@ dlf'ferentlally
de%éé&b‘%&ﬁéé’#ﬂh@%&p%gc{mthd t§s§ than zero, the |

according to claim13 or
claim 14 wherein, if the differentially decoded Qis
reater than zerp, the Q out is 0,and, h .
1631 £ ABPRTRYRAPGOTATIG IRy &% O esSeRUAO RIS {UABepromprising
aHé‘r'BHHﬁtek?orgqagﬁ‘i’im@ﬁ’ﬂLer CN%GWPQK%M any one of the

pr ecedi ng onprising ~a hard linmter
for hard limting the received DPSK si gnal 17.

17uhGRBPAIANE SGRotUNg oo angee of e PrRCBEIcIdS whersin the

recfermyﬁgﬁw i§ lan) infdriedlate *r%quéﬁ@;aglFS dignagcording to any
one of "the preceding clains wherein"the received

signal is 4 DQPSK nodul ated. 19. A receiver for

185 ghﬁbé%%ﬁ'é%PE@éﬁd‘?d =Rl & o BFRkRASL itk whegein the

to any one t he precedi ng cl ai ns.
received gllgnal is —DQPSI% modulate%

19.  Areceiver for differentially encoded phase shift keyed (DPSK) signals, the
receiver comprising apparatus according to any one of the preceding claims.

20. A method for demodulating a received hard limited differentially encoded
phase shift keyed (DPSK) signal, the method comprising the steps of:

a) generating an in-phase component | and a quadrature component
Q from a received signal,

b) reducing sampling frequency of the received signal;

c) reducing noise outside a required bandwidth; and

d) performing differential detection of | and Q over a given symbol span.

21. A method according to claim 20 wherein step a) is performed before step
b) and step b) comprises the steps of reducing sampling frequency of the in-



20. A nethod for denodul ating a received hard limted
differentially encoded phase shift keyed (DPSK)
signal, the nethod conprising the steps of: a)
generating an in-phase conponent | and a quadrature
conponent Q from a received4signal; b) reducing
sanpling frequency of the received S|gnal c)

reduci ng noi .se outside a required bandw dth and
P ?J%“ff?ﬂ'ﬁg%e@i ﬁf éf‘@ntr?cil'c"&t 2RTPUY ofreauerMy @foG'é‘? guadrature

co,&ggﬁgmsdnbol span. 21. A nethod accordl ng to claim 20
erein step a) is performed before step b) and step
b) conprlses the steps of reducing sanpling frequency
n 24 se.conpongnt and re uC|n
221 ABRIPIGHOoBHING 18 AP A LMD IR ) (& PedsT RS ALTE, sleP b)
accordlng to claim 20 wherein step a) is perforned
after step b). 23. A nethod accordlng to any one of

23¢| aAninetinod Aczerdingr te Anyt e of C|étm‘1‘ar2%é@ |wheyein rigep a)
co{nﬁgséﬁ Frﬁ]rmﬂgna tHE %CQV?&‘F %hﬂﬁg #H%‘frfé RJ?\CEI?H 96 :b%hgpa% She in-

erconponen ecel ve
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%j E@_ A net ho accord| ng to any one of
gee?fél ‘@)“Q SCOMANeN Ghpri sing the step of pul se

shapi ng the received signal. 25. A nethod according to
any one of clainms 20 to 24 wherein step d) conprises
24per Aomethag acddrdingnioi any doe af tdlaimso20 to 28duthew eomprising the

S ol an .of .one 26. A nmethod according to
Stegyn?rfo%\ll%e a%P%lt%mf(?“{%abﬁgn?lurt her conprising the

steps of converting the differentially decoded | into
an outﬁut and converting the differentially decoded

25Q i At oedhad cargendingt iee anyoongwaf elatms k0 dood pubergie step d)
comprises performing differential detection of | and Q over a symbol span of one
symbol.

26. A method according to any one of claims 20 to 25 further comprising the
steps of converting the differentially decoded | into an | output and converting the
differentially decoded Q into a Q output, the | output and the Q output each
taking a value of either O or 1.

27. A method according to claim 26 wherein, if the differentially decoded | is
greater than zero, the | output is 0 and, if the differentially decoded | is less than

zero, the | output is 1.

28. A method according to claim 26 or claim 27 wherein, if the differentially
decoded Q is greater than zero, the Q output is 0 and, if the differentially
decoded Q is less than zero, the Q outputis 1.



taking a value of either 0 or 1. 27. A nethod
according to claim26 wherein, if the differentially
decoded | is greater than zero, the | output is O
and, if the differentially decoded | is |ess than
zero, the | output is 1. 2829A nethod according to
claim26 or claim27 wherein, if the differentially

decoded, Q | h , ' d, . .
20;'¢ “Riiead 2cEorig g anveesact epies Posts Bliafurier gomprising
befoh@s@fpoé:ﬁlt,mésfeg F-hat likiitin Héﬁ‘e@@ﬂ'/eﬁmﬂ's'i‘é}hélp any

one o alms 20 to 28 tfurther conprising, ef ore
step a), the step of hard limting the recei ved DPSK

507 8l of 5B AT 52 . foveo
sighbFig igtermddiatsiféstilency LF) Aigiel.hod according to any

one of clainms 20 to 30 wherein the received signal is
4 DQPSK nodul ated. 32. Apparatus for carrying out a

31 oot er LRy PG o ol 8 1800 Safpim B teived
S'gs‘gﬁg%qﬁlggﬁﬁe@%&dggr[g' gg out a nethod according

32.  Apparatus for carrying out a method according to any one of claims 20 to
31.

33. A receiver for differentially encoded phase shift keyed (DPSK) signals, for
carrying out a method according to any one of claims 20 to 31.



