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DIGITAL DEMODULATOR WITH FREQUENCY
AND TINING CONTROL
Crosa-Reference to Related Applications

This application is related to copending
applications Serial No., 08/013,625, filed February 4, 1993,
which is assigned to the same assignee and is incorporated
herein by reference.

Field of the Invention

The present invention relates generally to the
demodulation of digital signals and more particularly to the
demodulation of quadature phase shift keyed (QPSK) signals.
Background of the Invention

Presently, the design of commercial cordless
telephone systems is based primarily on analog signal
processing and transmission technigques. The use of digital
technigues in other transmission systems have resulted in
improved system performance due to a reduction in signal
interference and noise achieved using digital technigues. It
is, therefore, desirable to incorporate digital signal
processing and digital transmission technigues in the next
generation cordless telephones.

Such cordless telephane systems typically include a
battery powered portable station (handset) and a base
station. The base station is coptimally connected to other
telecommunication networks. Although the invention may be
used in any digital transmission system, its use will be
described herein for application in digital cordless
telephone (DCT) systens.

Communication channels between the handsets and
base stations in DCT systems may be set up using slotted
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echniques. It is, therefore, desiraple to. incorpagraie digit
: d informatlcn etwaen %he handsets J% the bage station. It is

5 typical in such systems to operate in both burst and
continuous modes. The burst mode is generally used to
broadrast messages and to transmit control information, i,e.
to set up a link between the base station and a particular
handset. Once all of the contrel functions have been

10 performed to set up a link, data, i.e. voice data, may be
transmitted using a series of continuous bursts, referred to
as the continuous mode.

A common form of digital communication employs a
digital modulation technique known as Phase Shift Keying

15 (PSK). 1In PSK, the phase of a carrier signal is switched
between two or more values in response to binary data
representing the information to be communicated. Where only
two transmit phases are proviged, each phase represents a
single binary digit. For instance, the carrier signal can be

20 switched so that its phase is 180° in response to a binary
“i" and switched to 0° in response to a binary "O". This
technique is known as phase reversed keying (PRX). The PRX
waveform can he written as

o4(t) = A sin(wct) (1)

25 ¢:{t) = -A sin(wt) {2)
where w, is the angular frequency of the carrier and ¢, and ¢,
are the phases ©f the PRX signal, The PRK waveform according
to eguations (1) and (2) is shown in Fiqg. 1.

To increase bandwidth efficiency (the number of

30 bits transmitted per unit of time), a technigque known as
guadature PSK (QPSK) is used. 1In QPSK each transmit phase
represents two bits of data thereby increasing the amount of

_data that can be transmitted over each phase interval. The
advantage of QPSK modulation is that both the in-phase (I)

35 and the quadature (Q) portions of the carrier signal can be
nodulated and combined_to form the QPSK signal. For
instance, Fig. 2a. shows an unmodulated phaser of the carrier

IThis Sheet Has Been Replacec

[T




PAGE 8 (PRINTED PAGE 8) 1 o -
o BREEN AL BR S8t 1ty |t ACOPTRN SPSBRY T ST6HRY ques i n the next gener N8R T°%°
,ordless t el ephones. Such cordl ess tel ephone systens typically
I ncl ude a Wagbd/fdsyz povered portable station (handset) arld” apopaEsI2Ee ON.
he base station is optimally connected to other tel ecomunication
etworks. Although the invention may be used in any digital transm ssion
ystem its use will be described herein for application in digital
ordl ess tel ephone (DCT) systens. Communi cat i on channel s
et ween the handsets and base stations in BCT systens may be set up using

3l ot t ed signal. Figs. 2b and 2c show the modulated carrier of each
the I and Q portions of the carrier signal respectively. The
QPSK signal can be represented by:

¢1 = A cos(u.t) (3)
‘ 5 @2 = ~A sin (wt) (4}
$3 = ~A cos (wt) {5)
¢4 = A sin {w.t) (6)

The phaser diagram shown in Fig. 234 results from the
combination of the I and Q portions of the carrier signal.

10 Fig. 3 is a block diagram of a prior art coherent
QPSK demcdulator. As shown, the QPSK carrier signal is
raceived and filtered by bandpass filtey 500. Filter 500
rejects undesirable adjacent channel interference and thermal
noise. Typically, autcomatic gain control {AGC} 502 is

15 utilized to adjust the energy level of the received signal.
In a TDMA system, large burst-to-burst level differences
arising from downlink fading due to atmospheric attenuation,
distance and scattering can vary significantly. ‘Thus AGC 502
detects the peak power of the received signal and provides

20 feedback to the receiver so that the receiver’s amplifier

' leveles can be adjusted according to the strength af the
F received signal. Power divider 504 is provided to compensate

for the power level difference in the carrier phase and bit
timing recovery circuits 506 and 508 respectively.

- The carrier phase recovery circuit 506 extracts the
I and Q signal components from the received PSK signal. The
30° hybrid circuit 510 is used to separate the I and Q
signals. To this end, the I signal is mixed with the cos
{w,t) and the Q signal is mixed with the sin(wt}

30 by mixers 514 and 512 respectively. Integrators 518 and 516

.. are used to detect the gnergy of the down converted signal
over each time interval according to a well-known
relationship:

| +4
E fu |£¢e) {de (7)
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he DCT systen1nay connuplcape for instance, using TDD (tine division
upl exi ng)‘ya%én%nsf erring information between the handseg‘sg-”fll,lg,\gh,f2 base

ical in such systens to operate in both burst an

.cont i nuous nodes. The burst node is generally used to broadcast nessages

nd to transmt control information, i,e. to set up a link between the base
tation and a particular handset. Once all of the control functions have
een perfornmed to set up a link, data, i.-e4 voice data, may be transmtted
sing a series of continuous bursts referred to as the conti nuous node.

A comon f or m ofWhirg #d&)céﬁnﬁh?c%&?ﬁﬁi-éﬁpﬁoysléPally £(t) = ¢1, 92, 3 or
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¢4 over the interval tl1 to t2) and E is the energy of the
signal over the time interval tl to t2. Since there are two
transmit phases for sach of the I and @ signals and they are
separated by a 180° phase shift, the phase of the signala
over a given time interval is either + E or ~E as shown in
Figure 4.

Figure 4 shows that when the detected energy of the
in-phase signal is =E, the probability that the received
signal corresponds to transmit phase ¢2 (equation 4) is
greatest and when the detected energy of the in-phase signal
is +E the probability that the received signal corresponds to
transmit phase ¢4 (eguation 6) is greatest. Similarly,
Figure 4 shows that when the detected energy of the quagature
signal is -E, the probability that the received signal
corresponds to ¢3 (equation 5) is greatest and when the
detected energy of the quadature signal is +E, then the
probability that the received sighal corresponds to ¢l
(equation 3) is greatest, |

Referring again to Fig. 3, I and Q decision
circuits 520 and 522 determine the transmit phase of the
received signal and reconstruct the transmit data, i.e. the
binary data represented by the phase of the signal. The
reconstructed binary data output from the decision circuits
520 anu 522 is then combined into a single serial stream of
binary data by the parallel-to-serial converter 524.

In most transmission systems, including DCT
systems, communication between a receiving unit and a
transnitting unit requires burst synchronization. Such
synchronization is typically accomplished by providing the
demcdulated binary data to a correlator which detects a Xnown
pattern, such as a predefined preamble. Detection of the
preamble or other known pattern allows the demodulator to
synchronize its timing with the received psk signal to that
the demodulator can decode the received symbols.

It is well known to fine tune the demodulator’s
tining to the received symbols during operation in a
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gesponse to binary data representing the infornmation toibe ' ed.

Bher e onIy“KMb"¥$énsnit phases are provided, each phase repﬁggﬁﬁgé&§$5|ngle
M nary digit. For instance, the carrier signal can be switched so that its
fhase is 180[err] in response to a binary "1" and switched to O[err] in

fesponse to a binary "0". This technique |§ known as phase reversed keyi ng
PRK). The PRK waveform can be witten as [err](t) = A sin
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luadat ure PSK (QPSK) I's used SK each transmt phase represents two

ts of data t%e#éb?r}’hﬁ ceh¢ M Rinan, ABORRL B cﬁﬂ%’%fhéﬁ Eafebyed s ARAFe t ed
er each phase inatervals Skuld correspond to the symbol intervals of the

received signal. Thus the symbol timing recovery circuit 508
causes the decision circuits 520 and 522 to determine the

phase of the received signal so that the decision corresponds
10 to only a single symbol.
It has been found that the analog demodulator of
Fig. 3 can be simplified by digitizing the integration and
decision functions. Fig. 5 is a block diagram of such a
digital demcdulator.
15 After demodulating the received signal using mixer
530, the PSX signal is sampled at a freguency greater than
twice the Nyquist freguency, where the Nyquist rate is the
highest freguency of the down converted PSK signal. It has
been found that by determining the zero-crossings of the
20 signal with respect to time and referencing the zero-crossing
to a reference transmit phase, the phase of the received
signal can be determined. Waveform digitizer 532 samples the
down converter signal represented in Figure 5 generally at
S36. The zero-crossing digital signal processor (DSP) 534
25 estimates the 2sro-crossings of the sampled waveform and then
compares them to those of each of the possible transmit
waveforms to determine the phase of the received signal.
However, this technigue can become guite
complicated due to the iterative curve fitting for
30 trigometric functions which is necessary to determine the
. phase of the received signal. Furthermore, nocise,
intersymbol interference, and timing misalignment degrade the
received signal so that only a best curve rather than an
exact curve can be identified.
’ 35 To avoid these problems, a phase progression
H digitizing technique has been suggested. This technique
bypasses the waveform digitizer 532 and the complicated zero-
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uadature (Q portions of the carrier signal can be nodul ated and conbi ned
¥o form t hgodEnksgi gnal . For instance, Fig. 2a. shows an urpQrdisox12se? phaser
f the carrier -3- signal. Figs. 2b
d 2c show the nodul ated carrier of each the I and Q portions of the
arrier signal respectively. The QPSK signal can be represented by:

- § -

crossing DSP S34 by directly digitizing the signal phase.
This technique uses a counter to count each cycle of the
received PSK signal, either on up-crossings or on down-
crossings. A fixed sample rate is selected to be at least

5 egual to the Nyguist rate of the modulation, i.e. at least
twice the symbol rate. Optimally a number of cycles will
occur between samples. The samples mark events, i.e., an up-
crossing or down-crossing, in time. Thus the phase of the
received signal is determined by comparing the time of the

10 events occurring in each symbol period.

For example, consider the phase progression plot
shown in Fig. 6. The phase progression plot plots the events
as a function of time. The PSK signal is shown below the
plot. The samples or events are enumerated as well as the

15 time of each event. The curve fit for determining the phase
of each symbol becomes a system of parallel lines where each
line corresponds to one of the possible transmit phases.
Using this technique all amplitude information is discarded
and trigometric curve fitting can be avoided.

20 Unfortunately, this technigue has several
limitations as well. 1In particular, the sanmpling freguency
in such a scheme is critically linked te the signal freguency
in that a sample must occur on either upward zero-crossings
or downward zero-crossings. Thus, whenever the signal

25 undergoes freguency drift, which is well know to occur in
communjcation systenms, or freguency changes for other
reasons, the sample rate will require constant adjustment to
track such freguency changes.

aAccordingly, a need still exists for a digital

30 democdulator which can detect the phase of the received signal
regardless of freguency changes and drift of the received PSK
signal, which is relatively inexpensive and simple to
implement.
summary of the Invention

35 The present invention fulfills this need by
providing a digitel demedulator and a method for demodulating
digital data. According to the present invention, the
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i agram shown in Fig. 2d results fromthe conbination of the I and Q

wortions of the carrier signal. Fig. 3 is a block diagramof a
®rior art coherent QPSK denodul ator. As shown, the QPSK carrier signal is
eceived and filtered by bandpass filter 500. Filter 500 rejects
Mndesirabl e adj acent channel interference~ahd thermal noise. Typically,
Jut omatic galncnt,rol (CQGC) 02 is utiljzed to adjust t he ener | evel of
g he received si ftah aLOE | EAPPY L% B Rhase; BohRTEer | accepts
Ji f.f erences ari samgirfmuwmedfodriinklf datagf ened dyashropphng i & mideived R0Rlog
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seak power of the received %na and provides feedback to the receiver so

M hat the recei véiagedHn |‘51‘7-“’-‘(§‘|s FéQBFsl’éaﬁ‘P%éﬂ’&ijteét gataccoff mhase t he
Bt rength of tBe esciared argnthenPossverked dey phAdei daps oindliathtive of the

onpensate for thg AgYRIeda®RlrcBhLE 6ANGF 4 addie aeBBALE! Phase and bit

‘ In a preferred embodiment the digital data is
grouped into overlapping windows of data. The digital
demadulator according to this preferred embodiment comprises

10 a unique word detector, a timing recovery controller, and =
freguency controller. The decoded data is output to the
unigue word detector which correlates the decoded data with a
predefined unigue word. When the unique word has been
detected, the unigue word detector outputs a signal

15 indicating within which of the overlapping windows the unique
word had been detected.

The frequency contreoller monitors the phase
estimates provided by the data decoder and compares them with
the closest of the possible transmit phases to determine a

20 phase error. Since a change in phase error over a symbol
interval is indicative of freguency drift, the freguency
controller determines a frequency offset from time to time to
track the frequency of the received PSK signal.

The timing recovery controller uses the frequency
25 offset to adjust the phase error ¢.termined after each symbol
period. If the symbol timing of the demodulator was
synchronized with the timing of the received symbols, the
phase error would approach zero. When the phase error,
however, is greater than some predetermined threshold, the
30 timing of the demodulator must be advanced or delayed to
synchronize with the timing of the received symbols. The
timing recovery controller comprises early and late counters
for maintaining a count related to the phase error in an
early window and a late window respectively. When the phase
35 error in the early counter is greater than the phase error in
the late counter the timing of the demodulator is advanced
and when the phase error in the late counter is greater than
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ghase recovery circuit 506 extracts the I and Q signal conmponents fromthe
gecei ved PBIR MI§FEI . The 90[err] hybrid circuit 510 i s usedTVYR%hte the
P and Q signals. To this end, the | signal is mxed with the cos ([err]t)
ind the Q signal is mxed with the sin([err]t) by m xers 514 and 512
Wespectively. Integrators 518 and 516 are used to detect the energy of the
lown converted signal over each tine inteing_according to a well-known
el ati onshi p: E=[err] (7)

i the phase errar in the early counter the timing of the
demodulator is delayed.

In a further preferred embodiment, the phase

detector comprises an instantaneous phase decoder,

5 instantaneous phase estimator, and a differential decoder if
the transmitted signals are differentially encoded. The
instantaneous phase decoder identifies when transitions occur
in the digital data. The instantaneous phase estimator
estimates, based on when the transitions occur, the

10 instantaneous phase of the received signal and averages a
nunber of instantansgous phase sstimates together. The
differential decoder computes the phase difference between
censaecutively received symbols based on the phase estimates
correspending to windows having the same timing.

15 In still another preferred embediment, the digital
data is formed by limiting the received analcog signal and
sanpling the limited signal thereby removing substantially
all amplitude characteristics from the received PSK signal
prior to demodulation.

20 Brief Description of the Drawings
The present invention will be hetter understood,
and its numerous objects and advantages will become apparent
by reference to the following detailed description of the
invention when taken in conjunction with wi. following
25 drawings, in which:
Figure 1 graphically represents a PRXK waveform;
Figure 2 shows a phaser diagram of a QPSK signal;
Figure 3 is a block diagram of a QPSK deswmodulator
according the prior art;
ao Figure 4 shows energy detection envelopes of QPSK
symbols;
Figure 5 is a block diagram of a prior art digital
] PSK demodulator;
i Figure 6 is a phase progression plot of a PSK
35 waveform;

-
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3 NGRS 6 )16¢ B3 1 heIOSICORGKRIBURE. > SERead |y f (1) = [err]l, [err]’:ZRerPl4
8r 04 over the interval t1 to t2) and Eis the energy off the signal over
fhe tinme i micesavmbzt 1 to t2. Since there are two transnit phBEEYSBER6Rach of
Rhe | and Q signals and they are separated by a 180[err] phase shift, the
hase of the signals over a given tine interval is either + E or -E as
iEhowt in Fi gure 4. Figure 4 shows that when the detected energy of
ghe i n-phase signal is -E, the probability that the received signa
glorresponds to transnit phase [err]2 (equat?cdh 4) is greatest and when the
et ected energy of the inzphase.st.gnal,is +E & robabi L1 at the
flecei ved signal corr esponrkdlg“tr(? £r é%s%i Pi%-h)zcag%n%ra?“] ;%Q(gq%%%%/%%]{]& S
r cat est . Sini | adeRedFiafinre agcondhngt Bt thth aresgatdéneenretPsher gy of the

fuadature signal is -E theyeohakhbbbythéadidim rapetved sngnadgnal
orresponds o 03 (equatl on 5} s, L eghsplead when the
s Figure 9 is an example of a window/symbol timing

using four windows per symbol period;
Figure 10 is a timing diagram showing a desired
timing adjustment for fine tuning demodulator

synchronization;

10 Figure 11 is a block diagram of a preferred
embodiment of a phase detector according to the present
invention;

Figure 12 is a block diagram of a preferred
embodiment of an instantanecus phase decoder;

15 Figure 13 is a block diagram of a preferred
enbodiment of an instantaneous phase estimator according to
the present invention;

Figure 14 is a bhlock diagram of a preferred
embodiment of a differential phase detector according to the

20 present invention;

Figure 15 is a block diagram of a preferred
implementation of the instantaneous phase estimator,
differential detector and data decoder according to the
present invention;

25 Figure 16 graphically depicts a symbol pha.2 shift
of nearly 360° with reference to a synchronizing window
according to the present invention;

Figure 17 shows an exemplary seguence of digital
data and denotes transitions occurring within that seguence;

30 Figure 18 graphically depicts guadrant and occtant
mapping for a w/4 (QPSK signal according to the present
invention;

Pigure 19 is a block diagram of a preferred
embodiment of an automatic freguency contreller according to
35 the present invention;
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he recei ved S|gnal corresponds to [err]1l (equation 3) is greatest.

ef erring NetQ Fig. 3, | and Q decision circuits 520 angraikdsggyer m ne
he transmt phasé of the received signal and reconstruct the transmt
flata, i.e. the binary data represented by the phase of the signal. The

fleconstructed binary data output fromthe decision circuits 520 and 522 is
khen conbined into a single serial stream gp binary data by the

paral l el -to-serial converter 524. In nmost transm ssion systens,
pincl udi ng DCT systens, caiguriecabj ds deblesn dagerasi ufng prefexted a

‘jransn1tt|ng un|§lé$?%#4§§%iggrg §MQC{F£§yé@3 @B ety gy%ywaqg atlon i's

hiypi cal | y acco rovi ulated bi‘har at a
orrel ator whi cha%@?‘-'é%’t’"g é'-°kﬁ8ﬁ/npﬁ BERY NIOVERMCEs a pr edefl ned pr eanbl e.
glet ecti on of the preanbl eigyuret Rar iknawnlpek tddagraml ofisa t pwee fermedl| at or to

fynchronize I .S tlnufqamgtggtpg agggmgfacgﬁiﬁﬁggggg#?$§? rggqtr denndulator :

Pan decode thé réceive i"A& tune the
enodul ator's according to the present -invention; and

Figure 222 is a flowchart of the AFC and ATRC
software routine according to the present invention;
Figure 22B is a flowchart of the ATRC scoftware
10 routine according to the present invention.

Figure 23 is a block diagram of a preferred
‘embodiment of a unique word detector according to the present
invention.

Detailad Description

is Fig. 7 shows a block diagram of a portion of a
radio freguency (RF) receiver/signal processor, generally
designated 20, including & digital demodulator constructed in
accordance with the present invention. Such a receiver has
the advantages of low cost, low complexity and low power

20 cénsumption. The overall function of the receiver is to
recover digital data from an analog input signal (IF IN) and
pass such digital data to a central processor 22. IF IN, in
the preferred embodiment, is a w/4 differentjial coded
guaternary phase shift keyed (DQPSK) signal in analog form.

25 IF IN is an analog transmission representative of various
phase represented symbols., 1IF IN is transmitted at a given
symbol rate. Each phase symbel is representative of a set of
digital data, i.e., a particular kit seguence. Although the
aryrangament shown in Fig. 7 is a combination analog/digital

30 device, it is susceptible to an integrated circuit
implementation.

Receiver 20 is shown to generally include a down
converter module 24, a limiter module 26 and a demodulator
nodule 28, Down converter 24 serves to down convert IF IN

35 from a received freguency of approximately 250 MHz to a low

IF signal of approximately 1.152 MHz. Limiter 26 serves to
both limit the low IF signal or down converted signal and
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p- continuous node to optimze system performance and reduce error. Such

ne tuni ng’ nﬁy glg provided by the synbol timng recoverly CpFUtdnB$ Sshown
Fi guré G R1EMi cal symbol timng recovery circuit would det er m ne

thin which tinme intervals the maxi nrum anount of energy is received. Those
tervals should correspond to the synbol |np§rvals of the received signal.
fhus the synbol timing recovery circuit 508 !

sample the signal at a sample rate which is at least the
Nyguist rate of thé down converted signal.

Demodulator module 2B recovers a differential phase
signal from the samples generated by limitey 26. Such

5 recovery occurs by removing frequency and phase error to
optimize the detection of phase information from the
differential phase signal. Once differential phase
information is recovered from the down converted signal,
phase symbols can be determined and converted intoc actual

10 digital data output to processor 22.
Down converter module 24 is shown to include
bandpass filters 30, 32 and 34 and mixers 36 and 38. Filter
30 eliminates out-of-band signals, including spurious mixing
images and other channel transmissions, if any, reduces
15 neise, and shapes the desired signal. Filter 30 exhibits a
resporse roughly approximating an optimal “matched" filter to
a filter used prior to transmission.
It will be appreciated that the down conversion of
IF IN is achieved by passing the signal through mixers 36 and
20 38. Although the actual frequencies selected for the first
and second signals applied to mixers 36 and 38, respectively,
can be any frequency which will achieve the necessary down
conversion, certain frequencies are preferred because of
their non-interference characteristics. A more detailed
25 explanation of the freguencies selected and the
considerations relating to such selection may be found in
copending application Serial No. 08/013,625, filed
February 4, 1993. In the preferred embodiment mixer 36 down
converts IF IN to approximately 10.7 MHz,.
30 Filter 32 generally performs the same function as
filter 30, namely image rejection, noise rejection and signal
- shaping. Mixer 3B provides the final down conversion of IF
IN to approximately 1.152 MHz. Filter 34 is a discrete
inductor-capacitor (LC) filter which primarily eliminates
35 mixing products occurriny during the down conversion process.
The primary function of limiter 26 is to convert
- the down converted and filtered IF IN analeg signal, ocutput
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gauses tHREZABE| 3§:6R ciWBRICS WBRBURhd B850 det ermine the phase of-ge FBL?
fylecei ved signal so that the decision corresponds to only a single synbol.

it has beep‘,df t hat the anal og denodul ator of Fig. 3 carpdieusshsigeoy fi ed
By digitizing e integration and decision functions. Fig. 5 is a block

yi agram of such a digital denodul ator. After denodul ating the
lecei ved signal using mxer 530, the PSK-skgnal is sanpled at a frequency
ireater than twi ce the Nyquist frequency, where the Nyquist rate is the

li ghest frequency of the Thevprdmaver fenc®hit sifgldmitet .‘nasxé)eia:n dammdtt hat
y determ ning Lo 2600 Uk RES- 0ha | A0 ShAAAN Pk Nah SR W drd,

_ef er enci ng t he zero-crossi gg reference transmt ep a.S
t

ihe received si ghe® G4 ellfh”ﬂeﬂ digareiopioaryi v “"{')ﬁ‘eséﬁﬁﬁl e ?he
jlown converter sa@ﬁmdg+tqydmgémaedconwé%q;nua Thgedigitd) =iigriad6 gehleeated by

fer o- crossing 5d':91$?€ex5'2%”51|s EﬁQESéﬁQér xd@%“tﬁsééi@éméﬁﬁmodule 28

jer o- cr ossi ngs of the sanpled waveform and then conpares themto those of

K

dach of the possfer untdeynprogaseiodns to determ ne the phase of the
Kecei ved signal . As shown in Fig. 7, limiter 26 includes amplifier

40 and sampler 42. In a preferred embodiment amplifier 40 is

a high gain amplifier such that any positive input will

1D generate an output having an upper limit, and any negative
input will generate an output having a lower limit.
Amplifier 40 converts the down converted signal to a discrate
signal having a value of A for all positive analoy input and
a value of B for all negative analog input. An exanple of

15 the ocutput of amplifjer 40 is shown in Fig. 8.

Sampler 42 samples the discrete signal output from
amplifier 40 thereby providing a digital ocutput signal.
Preferably, the sample rate and the period of IF IN in
limiter 26 are relatively prime integral digital multiples of

20 the symbhol period. It is alsc preferred for the sample rate
to be relatively close to the frequency of IF IN at this
point, (although the sampling rate must be at least the
Nyguist rate of the down converted signal). In a preferred
embodiment the sampling rate is approximately 19.2 MHz. It

25 1is noted that the digital signal generated by limiter 26 does
not contain any information pertaining teo the amplitude of
the IF IN signal (i.2., the magnitude of the received DQPSK
signal). Since the digital eoutput represents when down
converted signal transitions from positive to negative and

30 negatjve to positive {zero crossing), information related to
the phase and frequency of the down converted signal can be
determined by demcdulator 28, thereby permitting recovery of
the originally transmitted phase symbols which in turn
permits recovery of the original digital data.

35 As shown in Fig. 7, demodulator 28 includes phase
detector 44, automatic frequency controller (AFC) 46,
automatic timing recovery controller (ATRC) 48, data decoder

This Shest Has Been Replaced’




RECEIVED B2/23 0@5:52 1996 AT 535486Y4 PAGE 18 (PRINTED PAGE 18) 1]

owever SRR 6e3n] qUEODERHK WEEBY Y 9F34%€5¢onpl i cat ed due to the iRt PGP
surve fitting for trigonetric functions which is necesszry to determ ne the
bhase of the received signal. Furthernore, noise, inter yanH ' rence,
bnd tim ng"Ri¥4638nment degrade the received signal so that or’n‘lrléy}ygi%gst
turve rather than an exact curve can be identified. To avoid these
Bar obl'ens, a phase progression digitizing techni que has been suggested. This
jlechni que bypasses the waveformdigitizer pB2-and the conplicated zero-

50, unigue word detector 52, and interface controller 54.
Processor 22 is coupled to demodulator module 28 via the
interface controller 54.

Phase detector 44 analyzes the digital signal

5 output from limiter 26 to generate estimates of the
instantaneous phase of IF IN during one or more time
intervals., The time intervals are optimally synchronized with
the symbol intervals of the received PSK signal where the
symbol rate is preferably 192 Ksps (thousands of symbols per

10 second). AFC 46 functions to generate frequency data based
on the instantaneous phase estimates, which frequency data is
provided to processor 22 via data bus 56. The fregquency data
is used by processor 22 to determine the frequency offset,
i.e., the frequency error of IF IN, and correct the phase of

15 the instantaneous phase estimates generated by phase detector
44. Correcticon of the phase estimates by processor 22 is
based on the frequency offset,

Corrected phase estimates generated by processor 22
are provided as an input to ATRC 4B and data decoder 50.

20 Data decoder 50 converts correct phase information into
symbols representing the bit sequence of the transmitted
digital data and provides a binary output to unigue word
detector 82. In a preferred embodiment, demodulater 28 is
capable of operating in at least two modes, a burst mode and

25 a continuous mode. In such an embodiment, phase detector 44
provides phase estimates at N times the symbol rate, where N
is an integer 1, 2, 3,... . Phase detector 44 provides a
phase estimate over a predetermined number of samples,
defining a "window," where N different windows occur at the

30 symbol rate, i.e., within a symbol period or interval. It is
especially preferred for phase detector 44 to define N
overlapping windows for each symbol interval. In such an
embodiment, detector 44 computes an average phase for each
window resulting in the provision of N average phase

35 estimates per symbol period.

Fig. 9 graphically depicts the overlapping windows
per symbol interval concept. In this depiction four windous
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i ther on wirgafigasi ngs or on down- crossings. A fixed sanplRETVER9R/14637

pel ected to be at |east equal to the Nyquist rate of the nodul ation, i.e.

at | east twice the synbol rate. Optinmally a nunber of cycles will occur

jet ween sanpl es. The sanples mark events. j4€& , an up- crossing or
own-crossing, in time. Thus the phase of the recei ved signal is determ ned

y conparing thaaviemeeeh BbeigyEPeér asmoli DEtérvanch EayRbainRowi Kak a
or exanpl e, coré%rq% ﬁfpyzfn%@r 29 8% egg QI oty %“Q-}E gpgﬁa The phase

Ir ogr essi on pl ot Iots X% a fanction o gnal S
hown bel ow t he egﬂtéf“at%éssam‘e‘fsed)re"@féfnﬂ-t‘ are & rRERedt éatagvmy | Eepxt he

i e of each ev@%boih@nﬁﬂfv&liléré @hdd»e;t,et itH RY, ttb,etah fee aep ayabol
YeCones a sys e?ﬁ {'1‘? aI IQeI V4‘| ch | i elco ’ﬂ%}‘&r “g_ri% of
the possi bl e shPtTqphabbe. hﬁ? g FEaihprt g
nformation is (ﬁagbasyabol 1nterval, respectlvely. Sets of windows W,, ¥,
W, and W, are shown overlapping (hereinafter reference to a
set of windows means, all the windows having the timing of
one of the windows W,, W;, W, or W,.
10 To synchronize timing of demodulator 28 with IF IN,
the received signal, demodulator 28 determines which of the N
windows in each symbol interval is most centrally positioned,
j.e., W, in Fig. 9. This window is referred to as the
synchronizing window. In the burst mode, unigue word
15 detector 52 detects the most centered of the N windows and

timing adjustment are made in relation to the selected
window. In the continuous mode, the timing and freguency
data generated by ATRC 48 and the AFC 46 is used to adjust
the phase error and adjust the timing, i.e. the timing and
20 frequency data are used to make adjustments to the
synchronizing window by delaying or advancing the samples of
that window.
Fig. 10 depicts synchronization in the continuocus
mode. Window W, is shown to be nearly centered in a given
25 symbol interval. This window would be selected as the
synchronizing window, however, since it is desirable to
i center the synchronizing window, fine adjustments are made.
' Centering the synchronizing window has the advantage of
eliminating intersymbol interference. To substantially
30 center window W, it must be delayed 2 sawmples as shown by the
dashed line W4,,.
i It will 'be appreciated from the above that the data
: format employed in IF IN will preferably utilize a unique
word or preamble prior to any data fields. In the data
E 35 recovery process of demodulator 28, the unigue word or
i preamble utiljzed will be stored in processor 22, This
b - unique word will be provided by processor 22 to unigue word
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inventi on, thecoerrelation unique word, detector 52 will transmit a detect

' signal to processor 22 and identify the synchronizing

windows.

The ATRC 4B uses the corrected phase estimates from
10 the AFC 46 to generate timing data and provides this timing
data to the processor 22. The processor 22 uses the timing
data to adjust the timing of the phase estimates provided by
the phase detector 22 by delaying or advancing the digital
samples with respect to the phase estimates, i.e., advancing
15 or delaying the synchronizing window.

Consider now the components of demodulator 28 in
greater detail. It will be recalled that the digital signal
generated by the limiter 26, i.e. a signal composed of two
values either level A or level B, is provided to phase

20 detector 44. A preferred embodiment of phase detector 44 is
shown in Fig. 11. Phase detector 44 comprises an
instantanesous phase decoder 58 and an instantaneous phase
astimator 60. If differentially coded phase shift keying
(DPSK) is used for generating the transmit signal, phase

25 detector 44 should alsc include a differential detector 62,

Phase decoder 58 receives an input of digital
sanples from liwmiter wodule 26 in Fig. 7 and compares each
digital sample with the most previous sample. For example,
assume that the value 2 is "1" and the value "B" is “0%, The

30 input to the phase decoder 58 will be a sequence of "1%s and
"0"s. Since there are only two possible values for the
input, there can be only four possible combinations of
consecutive digital data (i.e., 00, 01, 10, 11). Phase
decoder 58 functions to provide an output indicative of

35 whether there is a change in the consecutive values of the
signal received from limiter 26 and if a change has occurred
to identify that change in the data. In a preferred
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B f d|g|tal data forned by sanpling a received anal og PSK signal and

onverts tjg % data into phase estinmates based on tr gagiishnixgsr n t he
@i gital data The phase estimates are then converted to phase data
ndi cative of the transmtted information by a data decoder. In a

Jreferred embodi ment the digital data is grouped into overlapping w ndows
if data. The digital denodul ator accordi ngjko.this preferred enbodi ment
gonpri ses

embodiment, phase decoder 58 operates according to the truth

table listed in Table 1, below.

“ TABLE 1 il

input output u
5 00 o |
01 +1 H
10 -1 n
11 0

It should be readily understood that other decoding schemes
10 could be used to provide the same information.

A preferred embodiment of the instantaneous phase
decoder 58 is shown in Fig., 12. A sample delay 84, which
could comprise a simple register or buffer, serves to store
each sample until the next sample is received from the

15 limiter module. When the next sample is received the value
of the stored sample is subtracted from the value of the next
sample by subtractor 66. Thus when consecutive samples are
the samwe, the decoded output is a "0". When the next sample
changes from low to high the decoded output is a "+1% and

20 from high to low the decoded output is a "-1i" as indicated in
Table 1.

In a preferred enbodiment, the output of decoder 53
will comprise . 7 bits, B, and B; representative of the
information shown in Table 2. Thus, B, will indicate whether

25 a transition occurred between the two most previous samples
and B, will indicate what the transition was if one occurred.

TABLE 2 ﬂ

Bit Digital Explanation “
Value
B, 1 transition
30 B, 0 no transition
B, 1 low to high
' B, - 0 high to low
e —
' I
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dicating within mhlch of the overlapping wi ndows the uni que word had been

et ect ed. The frequency controller nonitors the phase estimtes

[ ovided by the data decoder and conpares.tjyyema with the closest of the

pssible transmt phases to determine a phase error. Since a change in

Fase error over a synbol Instsstvaiedus iphdseaesubroiord t@queesy thei dhrpithef
equency cont r%hsaedséﬁécmp%% %f wgdueneNe ofﬁé%tnsftragmmst Phiddod @ne

T ack the frequen ¥ é e, recel ved g é? é%
ecovery control FEFeh¥ed signal equ&’r@y 6?f 212 1 Pekigeat Rioph [iATa of
eternined after thachnsyaitingrars phhaskef eshémaymbd0.t i fhagoofpuheof phase

modul ator was QXQSEEP% ePs :ﬁé%ggdt hg‘ Pg:&é &Jleezfm%ghéegnéy%’é’éﬁmthe
hase error woul d approac ase erro
han sone predetgpﬁpﬁeuh$¢nggﬁuﬁx}rapﬁed at ABS block 68. When the decoded
X output indicates that there has been a tramsition, i.e. Bgl,
' block 70 provides an output of "0" when the edge is rising,

i.e., B;=1, and provides an output of “n" when the edge is
10 falling, i.e., B,=0.

As described above, traditional PSK democdulators
will detect zero-crossings of the received PSK signal and
determine whether the signal is rising or falling at each
zero~crossing. The zero-crossing locations are compared with

15 those of a reference signal having the same freguency as the
received PSK signal. To eliminate the use of a reference
signal and the associated complex and costly hardware
required to produce the signal, a phase ramp generator 72 is
used to provide an instantaneous phase estimate as & function

20 of time.

Phase ramp generator 72 provides a ramp signal
having a period equivalent to the length of the window
interval. For each set of consecutive samples, the output of
block 70 , i.e., the value 0" or "n", is added to the

25 current value of the ri3:n signal by adder 72 depending upon
whether the edge of the limiter signal is rising or falling,
respectively. The resulting sum is the instantaneous phase
estimate. When a transition occurs between two consecutive
samples, ABS block 68 provides an cutput of *1"., When there

30 is no transition between two consecutive samples, i.e. B,=0,
ABS block 68 provides & "0". The cutput of ABS blaock &8 is
multiplied in multiplier 74 by the output of adder 73, i.e.,
the instantaneous phase estimate. In this manner, the output
from the phase estimator is effectively cancelled when there

35 has been no transition.

Each instantaneous phase estimate is provided from
multiplier 74 to averager 76, Averager 76 has a timing input
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78, SYMBOL TIMING signal, which is used by averager 76 to
accumulate the instantanecus phase estimates over each
predetermined window interval and provide an averaged phase
estimate for each window interval. The SYMBOL TIMING

5 signal 78 is generated by érocessor 22 and provides a signal
having a clock rate egual to the symbol rate.

If the transmitted signal is differentially
encoded, then phase detector 44 will preferably include a
differential detector 62. A block diagram of differential

10 detector 62 is shown in Fig. 14. It is assumed that four
overlapping windows are used per symbol period or interval as
shown in Fig. 9. Each average phase estimate output from
averager 76 is subtracted from the 4th subseguent average
phase estimate by subtractor 80 to determine the average

15 differential phase shift from consecutive corresponding
windows.

In other words, an average phase estimate is
determined over each of the windows W,, W,, W., and ¥, during
each symbel interval. The average phase estimate generated

20 for window W, during the time interval t; to t, is delayed by
symbol delay block 82 shown in Fiy. 14 until the average
phase estimate generated during the interval t, to t, is
provided by averager 76. The average phase estimate from the
interval t, to t; is then subtracted from the average

25 estimate from interval t, to t, ;-  subtractor 80, resulting
in an average differential phase between the symbols ¢, and
¢,. The symbol delay block 82, therefore, must store the
averaged estimates, for example in a series of storage
registers, for each of the 4 windows and provide an output

30 for each averaged estimate so that it is subtracted with the
next average estimate of the corresponding window, i.e., in
this example the subsequent 4th window.

Since in QPSK, the symbole are selected such that
one symbol corresponds to a phase between 0° and %0%, a

35 second corresponds to a phase between 90°¢ and 180°, a third
corresponds to a phase between 180° and 270°, and the fourth
corresponds to a phase between 270° and 360°, the
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window start signal, i.e., counter 84 repetitively counts

over each guarter symbol interval. FPhase counter B4 is
incremented on each clock signal £, which corresponds
preferably to the sampling rate of limiter 26.

o - Processoer B6 is adapted to function as an edge
counter for counting out five edges. While the edge count is
less than or equal to five, processor 86 provides a logic
high ocutput to AND gate 88. Each time a transition is
detected, i.e., By=1, the output of the AND gate 88 will

15 become logic high thereby enabling accumulator 50. When the
edge count exceeds five, the output of processor 86 to AND
gate 88 will become logic low thereby disabling accumulator
90. Accordingly, each time an edge is detected as indicated
by the DETECT signal, i.e., bit B; of output of phase decoder

20 S8, accumulator %0 inputs the current value of the phase
counter 84 and accumulates these values until five edges have
been detected hy processor 86, whersupon accumulator 30 is
disabled.

It is noted that if the freguency of the baseband

25 signal was such that only five transitions could occur during
one fourth of a window interval, processor 86 and gate 88
would not be regquired to enable/disable accumulator S0
because the contents of the accumulator could be output at
the beginning of each gquarter symbol interval.

a0 The accumulated counter values are preferably

. output to delay member 92 and to adder 24. The accumulation
of counter values for every two consecutive 1/4 symbol
periods are added by adder 94 resulting in a phase value for
each window.

35 When DPSK is used, each phase value is subtracted
from the next phase value corresponding to the same window

. (e.g., W,, W;, W, or wu); Accordingly, the difference between

! _
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Bpparent b nce to the follow ng detail ed description of the

finventi on when taken in conjunction with the follow ng draw ngs, in which:
fi gure 1 graphically represents a PRK waveform Figure 2 shows a
Bhaser di agram of a CPSK si gnal ; = #dure 3 is a block diagramof a

FoPSK denDduIator accordi t he .0
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pir ogr essi on pl oty i@fegreRBaVoeéoddd 96 and format converter 98.

Differential decoder %96 generates an average differential

5 estimate and converter 98 converts the average differential
estimates into a data format representative of the gquadrant

of the differential phase, the sign of any error and the
amount of any error. In order to more fully appreciate the
operation of differential decoder 96 and converter 88,

10 certain phase shift events associated with demodulator 28
need be considered.

The range of accumulator 90 for a full 360° phase
shift was computed by examining the maximum difference in
accunulations that result in the same phase estimate. As

15 shown by the top waveform in Fig. 16, a first detected edge
rises exactly on count zero of the given window period. This
particular detection will provide an accumulation sum of
eighty two [0+8+16+25+33 provided by counter B4) in
accunulator $0. If the rising edge occurs an infinitesimal

20 time before count zero, as shown in the lower wave form, the
first detected sdge falls on count 8 of counter 84 and gives
an accumulation sum of one hundred twenty three
(8+16+25+33+42). To make these accumulation sums egual, an
offset of forty two (42) needs to be added to the first sum.

25 In the context of the preferred embodiment, such an offset
corresponds to adding a phase shift of r radians. 7herefore,
a 27 or 360° phase shift is eighty four (84) counts apart.
Conseguently, the accumulated counter values in accumulator
90 can be used to generate information indicating what phase

30 quadrant the received PSK signal falls within and the amount
of error, if any, associated with the received PSK signal.

For example, consider the seguence of digital data
shown in Fig. 17 and assume that counter B4 is counting at
the sampling rate of sampler 42, i.e., the pulse rate of

35 clock f, equals the sampling rate. If this data is output
fronm limiter module 26 and the first bit corresponds to a
window boundary, five transitions occur at counter values of
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3, 1%, 20, 28, and .36, respectively. The sum of these five
numbers is ninety eight (98). Assume that this data
corresponds to the symbol ¢, and the timing of window W, in
Fig. % and that the same data would result during the next

S 1/4 symbol interval (i.e., the first half of W.)}. In view of
these assumptions, adder 94 would then add together the
accumulated counter values for both 1/4 symbol intervals to
arrive at an average phase estimate of one hundred and ninety
six (198). |

10 Differential decoder 96 (Fig. 15) would then
subtract one hundred ninety six (196) from the average phase
estimate of previous symbol ¢, corresponding to the timing of
W,. If the average phase estimate for ¢, corresponding to W,
was two hundred eighty (280), then the difference between

15 symbols ¢, and ¢, would be eighty four or 2r. Since the
sampling rate of sampler 42 is praferahly 19.2 Mhz, there are
approximately 16.67 samples per cycle of a 1.152 Mhz baseband
data signal and since accumulator 80 is disabled every five
{5} transitions, ten (10) transitions {5 from each half’

20 window) would require approximately eighty four (84) samples.
Thus phase counter 84 must be incremented from 0 to 41 each
half window perioqd.

Since each average phase estimate is subtracted
from the most previous average phase estimate corresponding

25 to the same set of windows, it should not be necessary to 224
7 for each falling edge, i.e. when B, is 0, as described
previously. If the first edge is rising, then the sequence
of edges will be rising, falling, rising, falling, rising.
Theoretically, n should be added only two times, once for

30 each falling edge. If the first edge is falling, then the

. sequence of five edges will be falling, rising, falling,

. rising, falling, and 3w should be added to the accumulated
counter values. Since these are the only scenarios for five
consecutive edges, at least 27 will be cancelled when one

35 accumulated value is subtracted from a previous one by
differential decoder 96. Consequently, it is not necessary
to add 7 for each falling edge,

This Sheet Has Been Repiaced

T




[ RECEIVED B2/23 B5:57 1956 AT 5354864 PAGE 27 (PRINTED PABE 27) 1
'Efnvent | FR/22/96 17:81 [ YGP@ICH MNABHBURN B3| HOREEdi agr am of a preferred etbh&sR nBH
f an instant aneous phase decoder; Figure 13 is a bl ock diagram of
" preferredosssnesiznent of " an instantaneous phase esti mat or PETEEPHING to t he
resent invention; Figure 14 is a block diagramof a preferred
nbodi ment of a differential phase detector according to the present
nventi on; Figure 15 is a block.djagramof a preferred
nmpl enent ati on of the instantaneous phase estimator, differential detector
aind dat a decoder accor di RgwkoOei hewlsas Aitle rBvamilated counter vhlgere 16

raphi cal l'y dep!cca%egﬁgxa?% pbﬁra{lgitknggegmésv n%@%ﬁ{ H)ﬁg&im ef grRnce

o a synchroni zi ng W _hdow accor pfesent | nve
i gure 17 shows 9% fdrprar)d sBif ToPCRpBRisted SORNART HRABRes
ransi ti ons occuoriregpantisi totdatrasjednsesegquence haviinguaeri8ing apiwstal | y

epicts quadr aniggad 8Rbagt eFBRBIY Hellednl €414k RGR1G0E aSGRal 9 1O
) values will contain a c¢onstant bias of w. Thus, in a
preferred implementation, a value of forty two (42),
corresponding to n, is added to the average phase estimate,

~

if the corresponding transition sequence begins with a

10 falling esdge. This feature, may be implemented as shown in
Fig, 15, by processor 86 providing an output of forty two
(42) to adder 94 in the event that the first detected
transition is a falling edge.

The difference betwaen average phase estimates

15 corresponding to consecutive windows in a set of windows is
used to determine the phasz guadrant of the PSK signal from
one symbol to the next. The guadrants may be defined
according to Table 3 below.

TABLE 3
20 Diff Quadrant Symbol
¢ 01~ #
0-20 1 00 “
21-41 2 0l
42~62 3 11
25 63-83 4 10

Therefore, if the difference between the average phase

estimates for symbols ¢, and ¢, corresponding to window W, is

twenty four (24), then the average differential phase

represented by ¢, would be in the second gquadrant, i.e. the
30 bit seguence "01%.

In a further preferred embodiment, the phase of the
transmitted signal is centrally positioned in each guadrant,
i.e., at 10, 31, 52 and 73. Thus a differential phase of
twenty four (24) is seven (7) below the second guadrant phase

t 35 value. 1In this embodiment format converter 98 can convert

This Sheet Has Been Replaced

A




{ RECEIVED B2/23 @5:57 1986 AT 5354864 AGE 28 (PRINTED PAGE 2B) 1

Lnvent i GR/22-96 17:81 Flb{?ﬁ?@c‘ig’@’ﬂ’%{* BIGEREEi agr am of a preferred etftb8# nERe
jf an automatic frequency controller according to the prjesent invention;

10 - ° wopuse4nesiBigure 20 is a block diagram of a preferr cRFEEUEBAWENt at i on
f the automatic frequency controller according to the present invention;
Figure 21 is a block diagramof a preferred

- 23 -

the average differential estimates intc a data format
representative of the guadrant of the differential phase, the
sign of the error and the amount of the error.

The guadrant and octant (i.e. sign of the error)

5 are depicted graphically in Fig. 18. The guadrants have been
subdivided into octants. For example, where the average
differential phase estimate is twenty four (24) as in the
example described above, the output of format converter 98
would be 0110111. The first two bits "01"* indicating the

10 second guadrant. The third bit "1" indicates that the error
is within the first octant of the second guadrant as shown in
Fig. 18 and the four remaining bits "011i" indicate that the
error is seven (7) or approximately 30°. 1In the preferred
embodiment, each count represents approximately 4.3°.

15 In a further preferred embodiment processor 86
computes the difference between the counter values
corresponding to the third and fourth detected edges. The
computed difference and the counter value corresponding to
the fourth edge are stored in the memory of processor %6. If

20 a fifth edge is not detected by the edge counter portion of
processoxr 86 at or before count eighty four (84), the
computed difference is added to the fourth counter value and
this interpolated value is provided to adder S4. Therefore,
if the fifth edge is not detected, then the phase estimator

25 can interpelate for that edge to generate an average phase
estimate.

As indicated in Fig., 7 the average phase estimate
or average differential phase estimates are output from the
phase detector 44 to AFC 46. A detailed block diagram of AFC

30 46 is shown in Figure 18. AFC 46 includes both hardware
designated generally as 100 and software designated generally
as 102. Preferably, AFC software 102 will reside in
processoxr 22. As described previously, the fregquency data
generated by AFC 46 is processed by and stored in processor

35 22 during each time period when the receiver 20 is operating
in a continuous mode and after the unique word has been
h detected. Processor 22 uses this data to determine the
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n anal 0g fOrm phace and will be described in wore detail below. The

i corrected phase is provided as an input ta ATRC 48 and data
decoder 50.

10 The corrected phase is also provided to phase error
detection circuit 108. A symbol timing input is provided by
processor 22 to phase error detection circuit 108. The

symbol timing is used to select those corrected phase inputs
that correspond to the synchronizing window identified by

15 unique word detector 52 after detecting the unigque word, e.g.
those corrected phase inputs corresponding to window W,.

Phase error detector 108 stores the corrected phase

of the selected window and compares each phase to the
possible transmitted symbols. For instance in a #/4 QPSK

20 modulation system, the set of transmitted symbols may include
45°, 135¢, 225°, and 315¢, Thus if the corrected phase of
the selected window is 35°, phase error detector 108 would
identify the 45° transmit phase as the closest phase and
calculate the difference to be ~10°.

25 Pogsitive and negative threshold detectors 110 and
112 determine whether the calculated difference between the
‘corrected phase and the selected transmit phase is greater
than a predetermined positive threshold or less than a
predetermined negative threshold, respectively. 1In the

30 preferred embodiment, the threshold for each detector 110 and
112 is 2 and -2, respectively and correspond to roughly
* 8.6°. 1If the phase error is greater than the positive
threshold, then positive counter 114 is incremented. If the
phase error is less than the negative threshold, then the

35 negative counter 116 is incremented. At the end of each
slot, (in the preferred embodiment each burst includes five
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{ t hough t MO #¥188Rgenent shown in Fig. 7 is a combination aﬁ%ﬂHﬁPﬂ? 7t al
jevice, it is susceptible to an integrated circuit inplenentation.

bceiver 20 is shown to generally include a down converter nodule 24, a

® mter nodule 26 and a denodul at or nodul e 28. Down converter 24 serves to
lown convert IF IN froma received frequénéy of approximtely 250 Mz to a
gow | F signal of proxi ly 1.152 lLm.ter serye Q. both |lim
fhe low I F signafggrspgﬁﬂa%§ﬁ¥5PPéan%$t§Eﬂé?ﬁﬂfégs %?4 and fié are °utpug1£°
AFC software 102 for processing.

Since freguency is related to phase by the
following relationship:

5 f(t) = de¢(t)/dt (8)
where £(t} is a function of the frequency of the PSK signal
and ¢(t) is a function of the phase of the PSK signal. Then
the freguency error can be determined by the following
eqguation:

10 Af = o, (t.,,) = o (t)
tur - %,
where t ,, - t, is the slot peried, Af is the frequency ocffset
during that interval, and ¢,(t,) is the phase error at those
respective times. Therefore, the freguency offset of the
15 received signal can be easily calculated at the end of each
slot by subtracting the negative phase error maintained by
negative counter 116 from the positive phase error maintained
by pesitive counter 114. 1If the frequency remained constant,
as it would in an ideal world, the phase error of the signal
20 during the slot period should remain constant. Therefore
S (tpy) = @(t,) = 0. Since the frequency does drift due to
noise and other factors Af represents the average offset
frequency over each slot interval.
At the end of each slot freguency accumulator 118
25 is updated with cumulative phase error determined in
subtractor 120 (i.e., the value of the positive counter B85
minus the value of the negative counter B86). The updated
accunulated phase error is then compared to a predetermined
threshold at 122. However, it is not necessary to make such
30 a comparison after each slot, rather the cumulative phase
error from several slots may be accumulated prior to
comparing the value to the threshold. If the accumulated
phase error is larger than the threshold, a new offset
freguency is generated at 104 and stored by processeor 22.
' 35 The new offset frequency is then used to correct the phase
error of the phase estimates input to AFC 46. The sum of
i counters 114 and 116 is proportional to the variance of thea

This Sheet Has Been Replaced

ri R0




L RECE!VED 82723 B5:59 1936 AT 5354064 PAGE _ 31 (PRINTED PAGE 31)
sanpl e tdRe22zBe)n&F: gat aﬂlfsla(rfpkalﬂsiﬂ.lﬁﬂ whisokeers at | east the Nyqui St Ka@es ofe31

phe down converted signal .’ Denodul at or nodul e 28 recovers a

i fferenti WO $M&SE si gnal’ from the sanpl es generated by |i BATEYSHBE6ITch
ecovery occurs by renoving frequency and phase error to optimze the
etection of phase information fromthe differential phase signal. Once
ifferential phase information is recovered_fromthe down converted signal,
thase synbol s can be determ ned and converféd into actual digital data

ut put to procesgfsel2. consequenthmwm\g%t 33 ﬁ?@fﬂﬁa?s‘la' &o&&omﬂaieator
ncl ude bandpass fjlters 3 d 34 a m xe d 38. Fil

l'i mi nates out-ot? ﬁcflé’lnégaﬂgal?‘ §5l:|r i %ﬁ%s rﬁ%‘ r1‘g°’ iIragas ﬁﬁdb%t her
hannel transm ssddars,124f aaﬂypased@ucﬁn‘mm@xpanan%tmbd@m aasi.r ethe

ignal. Filter 3%,«put el $idter 126 can be used as an estimate of the long
5 term signal guality.
In an especially preferred embodiment, AFC hardware
100 (excluding adder 106 and phase error detector 10B) is
implemented according to the block diagram shewn in Fig. 20.

Corrected phase error bits cutput from phase error detector

10 108 are provided as an input to threshold detector 130.
Preferably, the threshold is set at two (2). If the phase
error is greater than two, threshold detector 130 outputs a
logic high signal and if the phase error is less than two
threshold detector 130 outputs a logic low signal. The bit

15 (the 3rd bit output by converter 98) indicating which octant
of the identified guadrant the errar falls within is input to
AND gates 132 and 134. When the phase error exceeds the
threshold and the phase error was in the first octant, i.e.
sign bit is a "1", then the output of the AND gate 132 will

20 increment late counter 136. However, when the phase error is
in the second octant, i.e. sign bit = "0", it is inverted at
input 138 to AND gate 134. AND gate 134 thereafter provides
an output toc increment the early counter 140.

As indicated previously, a corrected phase is

25 output from AFC 46 to ATRC 48 corresponding to each window
interval. A functional block diagram of ATRC 48 is shown in
Figure 21, ATRC 48 is shown to include hardware 142 and
software 144. Since ATRC 48 begins tracking the timing after
the unigue word has been detected, a window bafore the

30 synchronizing window and a window after the synchronizing
window can be identified.

The corrected phase from one window before the
synchronizing window is input to the absalute (ABS) early
error detector 146 and the corrected phase from one window

35 following the synchronizing window is input to the ABS late
error detector 148. The ABS early error detector 146 and the
ABS late error detector 148 preferably latch onto the

This Sheet Has Been Replaced

LTI




( RECEIVED @2/23 @6:08 1936 AT S354864 GE 32 (PRINTED PABE 32) 1

rgesponse 7 GEGH y”a?ﬂ)ro%P?HQP‘F‘ﬁtj“%ﬁuﬁb'pi PREASS? mat ched” filter to a fiNOtese wesRl
g i or to transm ssion. It will be appreciated that the down
cinversionvﬂ% 4 N i s achi eved by passing the signal throug@& fkeyy 36 and
o Al t hou e actual frequencies selected for the first an econd
u]gnals applled to mxers 36 and 38, respectively, can be any frequency
ghi ch will achieve the necessary down conversion, certain frequencies are
eferred because of their non-interferencgxharacteristics. A nore

8/ 013, 625, file Y g gge Prefsrdwd egnopdi P2
@wn converts IFgIQEngIét €{%35¥¥¥%d h 2 l € RP ﬂ%% generally

B o e the” sanBLFERERGn SESHAR GhesBLOREHEI SFAMARIE FEABEL PU. Th o
fej ection and si gatrechediphpsa/vadue3fefines deithdre thenahr ipwor Chatee erirot .

: IS

F et or- capad tor (L0 1318E S eynehephEied uliadh 1 28b8iRan1y oontaned

Ccurring durlng"%ﬁ%lﬂo@wﬁ!ﬂhﬂku%ﬂh@ﬁValo%@s%lnlmlze Rrror assoc;ated with

: detecting, demodulating, and decoding of the data
transmitted, the early error and the late error are optimally
equal, j.e. indicating that the synchronized window is

10 properly centered within the symbol interval. Therefore, the
early error is subtracted by subtractor 150 from the late
error to provide a window offset error of the synchronized
window. The window offset error is compared to a positive
and negative threshold by positive threshold detector 152 and

15 by negative threshold detector 154. If the window offset
error is greater than the positive threshold, then positive
threshold detector 152 increments early counter 156. If the
window offset error is less than the negative threshold then
negative threshold detector 154 increments late counter 158.

20 When all of the data has been received during a
slot, early counter 156 and late countexr 158 ocutput the
current values of their respective counters to ATRC software
144. The value of the late counter is subtracted from the
value of the early counter by subtractor 160 and the

25 resvlting difference is provided to timing accumulator 162.
Timing accumulator 162 during several slots of data provides
the window timing error accumulated therein to the threshold
comparator 164. Threshold comparator 164 compares the window
timing error to a predetermined threshold. If the window

30 timing error is greater than the threshold, ATRC software 144
computes a number of samples by which to adjust the window
timing to more accurately center the synchronizing window.

For example referring to the window symbol timing

diagram shown in Fig. 10, assume that W, is the synchronizing

35 window. ATRC 48 would determine that W, is two samples late
and would provide a timing adjust signal causing the phase
detectox 44 to delay the window timing by two sawples.
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- . WO es/idsez primary function of limter 26 is to conmmsbméﬁ?om

nverted and filtered IF IN anal og signal, output fromfilter 34, into a
gital signal w thout the use of an analog-to-digital converter. The
gital signal generated by limter 26 is_thereafter provided to
nodul at or nodul e 28 for further processing.

The sum of counters 156 and 158 is also

proportional to the variance of the phase. Conseguently,
this sum is useful as a lock indicator and a signal quality
estimator. This sum is generated by adder 166 and passed

S through exponential f£ilteyr 168. The sutput of filksyr 168 can
be used as an estimate of the long term signal quality.

The AFC software 102 and ATRC software 144 are
implemented according to the flowchart shown in Figures 22A
and 22B. General purpose processor 22 in Figure 7 is

10 preferably coupled to the receiver to receive inputs
indicative of when a burst is received as shown at 202 (note
interface is not shown in Figure 7). Processor 22, then
waits for the end of the burst as shown at 204. The end of
the burst could be determined by interrupt or other signal

15 provided by the receiver to processor 22, or where each burst
lasts for a known duration, calculating the time at which the
burst would end based on the time it began and the known
duration.

Following the reception of a burst in the

20 continuous mode, processor 22 reads the AFC counters and the
ATRC counters as shown at 206. The freguency offset over the
burst is calculated at 208 by subtracting the values stored
in the AFC positive counter from the value stored in the
negative counter. The freqguency difference is then added to

25 an accumulated freguency difference, if any, at 210. The
accumulated tr. ,uency difference is compared to a threshold,
which is preferably set at 10, as shown at 212. If the
absolute value of the accumulated frequency difference is
greater than the threshold at 212, then AFC software

30 determines whether the accumulated difference is positive or
negative at 214. 1If it is positive then the fregquency offset
is incremented by 1 sample. Since in a preferred embodiment
the sample rate is 19.2 MHz and the number of samples per
symbol interval is 84, a 1 sample increment would be

. 35 eguivalent to a frequency adjustment of 2,285 KHz {19.2

X MHz/84). If the accumulated difference is negative the

! frequency offset is decremented by 1 sample or 2.285 KHz in a
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preferred enbodi nent anplifier 40 is a high gain anplifier such that any
ositive iwpwi/gdtk! generate an output having an upper | i mMPCT/SGML2E/
egative input will generate an output having a lower limt. Anplifier 40
tonverts the down converted signal to a discrete signal having a value of A
:or all positive analog input and a value of B for all negative anal og
nput. An exanple of the output of anplifi®? 20 is shown in Fig. 8.
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F od of |F | N&theithererloecrnrdt&elthie deryrplated fregyenrydfgfference is

| ti Iol es o:‘ thfu@mdeal tpegendl. ad t2aw ?I'me Pt efyesrad df(:rsetthessellwheowﬂ@m—_ht o
e relatively c t ' i ough the
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ignal). |In a5pdeseribgdeabodénent the sanpling rate is approximately 19.2
It is noted that thend grkalsstciile d8NeLkaLEEedYadddlidi®ly 28 d0essnot
ontain any Inf%EqubOQJQGEga%{géletéagihe % lki*&ﬁ%(gffset is determined
at 224 by subtracting the ATRC early counter from the ATRC

- late counter. The timing offset for each burst is then

10 accumulated st 226. The absclute valus of the accumulated

timing offset is compared to a predetermined threshold at
. 228, which is preferably set to 4. If the absaolute value of
the accumulated timing offset is greater than 4, then the
window synchronization requires an adjustment. This

‘ 15 adjustment is implemented by processor 22 by incrementing the
rocessor’s bit timing mechanism thereby delaying the SYMBOL

' TIMING signal output from processor 22 whenever the
accumulated timing offset is positive (shown in Figure 22 at
230 and 234). Similarly if the accumulated timing offset is

20 negative, the processor’s bit timing clock is decremented
{shown at 230 and 232) to advance the SYMBOL TIMING signal
output from processor 22. After an adjustment to the bit
timing clock has been implemented, the accumulated timing
offset is cleared at 236.

25 The adjustment. to the processor’s bit timing clock
is output from the ATRC software after each burst. If no
adjustment is required as determined at 228, a zero is output
at 238. If the bit timing is to be incremented or
decremented as determined at 230 through 234, the appropriate

30 adjustment is output at 238.

As indicated previously, data detector 50 converts
the corrected phase into its corresponding binary symbol
representation. Before a synchronizing window has been
identified, a number of symbols are accumulated to form a

35 seguence of binary data to be compared to the unigue word by
unigue word detector 52. Since the symbol boundaries are not
known a priori, ssguences wmust be genaratad corresponding to
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resulting in a binary sequence of "00101101".
s Since each window W,, W, We, and W,, is used to

i compute the phase estimate of the received PSX signal, a
seguence of binary data would be generated for each window.
Due to intersymbol interference, only the phase estimates
from each window W, would ba likaly to be decoded accurately.

10 Therefore, Qata decoder 50 must decode each phase estimate
and provide a sequence of data eguivalent in length to the
unique word, {(e.g. if the unigue word has 3 symbols with two
bits per symbol, then the length is 6 bits) to unigque word
detecteor 52. Furthermore, since it is not known a priori

15 when the unique vord has been received the seguence must be
advanced by one symbol for each of the N windows. For

L o Ded ] g

instance using the sequence of symbols dascribed abova data
decoder 50 would transmit the following to the unigue word
detector in the order listed:

20 W = 001011 (assuming negligible intersymbol
interference and noise)
W, = 001011 (assuming negligible nocise)
W, = 001011 (assuming negligible intersymbol
interference and noise)
25 W, = 222222 (on symbol boundary)
Wy = 101101 (assuming negligible intersymbol
interference and noise)
W, = 101101 (assuming negligible noise)
LA = 101101 (assi=‘ng negligible intersymbol
30 interference and noise)
W, = 222222 (on symbal boundary)
W, = 1101...

After the unique word is detected by unigue word
detector 52 only data from the synchronizing window is
35 decoded. fThe decoded data is then output to processor 22 for
data processing.

A block diagram of unigque word detector 52 is shown
in Figure 23. Correlator 170 receives an input of binary
data from data decoder 50 and the predetermined unigue word

40 from processor 22. Correlator 170 performs a symbol to
symbol comparison of the symbol sequence of the decoded data
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By processor 22 garrelation (i.e. all three symbols watch) to the unigue

5 word. Assuming data from windows W, and W  would be effected
by intersymbol interference their respective correlations may
be degraded (i.e. the number ¢of matching symbols may be
reduced to only 1 or 2).

Unigque word detector 52 uses a threshold comparator
10 172 that compares the number of matching symbols to a
predetermined threshold and defines a measure of correlation
between the segquence and the unique word. If the number of
matches is greater than or egual to the threshold, then
detect logic 174 will generate a detection signal. As
15 indicated above, it is possible that more than one of the
windows will provide sequences that exceed the threshold when
a unique word is received. In a preferred embodiment, the
predetermined threshold is adjustable, for instance, via
processor 22 to minimize probability of false alarm and
20 maximize the probability of detection as is well known.
Selection of the best window is accomplished in
unigue word detector 52 by adding the correlation results of
three consecutive sequences (e.g. sequences corresponding to
windows W;, W,, and ¥W.) together to form a cumulative
25 correlation value. Then adding the very next combination of
three consecutive windows (e.g. W,, W, ana ¥;) to form
another cumulative correlation value. If the second
cumulative corrslation value is less than the first, than the
first cumulative correlation value correspands to the window
30 being most centralized with respect to the symbol boundaries
and the second of the three windows should bz designated as
the synchrenizing window.
This process is implemented in unigque word detector
$2 by delaying each measure of correlation (i.e. number of
35 mnatches) determined by the correlator 170 for two intervals.
: For example, using the four window example shown in Figure 9,
* an average phase estimate would be generated every 1/4 symbol
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ased or@(%%réﬁ@@ncy“@%t“ﬂsmum S s3aggdr 1 act ed phase esti mat esNg@s@r Baxd
By processwo 21sarze provided as an input to ATRC 48 and datecmiessadssz 50.

ht a decoder 50 converts correct phase information into synbols _
:Epresentlng the bit sequence of the transmtted digital data and provides
g bi nary output to unique word detector 52. In a preferred enbodi nent,
Henodul ator 28 is capable of operating im &2 Feast two nodes, a burst node
jnd a continuous_nbde. In such an enbodi nent, phase detector 44 prOV|des

hase esti mat es BFrRP‘?l?r%‘?%W"Q}HBOWr%% £ Qe W NRONS . an¢enliagly, 2,
8, ... . Phase deetguétnre &if pummr@eaaaa phasm afl ipreleded eto Ky adglRleTvBed

unber of sanple 9 2 raMeNdeW, W e OWS ,pccur
the synbol rg}[:)e aftg@éép ™ n awe e ‘ F er) o h'ﬁ g},{,,%,g; mt&%‘nﬁ es;‘)”'é”clegﬁ'

i
referred for phﬁ%%s?fe? e%{ d’r"r&"&lf“gla@f? s aFeFP&BMPﬁgf o r?efcﬁ/\émt’le%he
nbol intervd .byndslmh xie endodhsnndel SedP el @ecdAdCOPUELSa Yo' tife

hase for each V‘b dc?é‘ia[ slu)(?“ nQ’hEncﬁple P %'u% ]}.' g%e .e has the

est i mat es per @? ?ﬁ¥ %? grapnic s gg% %;%P oth

verlapplng mnnd%%%sures delayed 1/4 and 1/2 symbol times are added together
by adder 180 resulting in a cumulative correlation value.
The cumulative correlation value is delayed for a 1/4 synbol

10 time by delay 182 and subsequently compared with the next
cumulative correlation value by comparator 184. When a
subsequent cumulative correlation value is less than the

previous one, and the unigque word has been detected, detect
logic 174 also provides an output indicating which window is

15 the synchronizing window. Processor 22 uses this information
to control the demodulator timing, i.e., SYMBOL TIMING signal
utilized by AFC 46, ATRC 48 and data decoder 50. It should
be understood that the above-described operation of the
unique word detector could be implemented in software as

20 well,

While the invention has been described and
illustrated with reference to specific enbodiments, those
skilled in the art will recognize that modifications and
variations may be made without departing from the principles

25 of the invention as described hereinabove and set forth in
the following claims,
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r synbed’22496erlVefli? coHEFECK FASHBURNS® 889984 i on four w ndows ND.@S8 P@38
14 - have been defined per synbol interval. Each w ndow has a duration

1/2 synbol interval. Consequently a phase estimate i$s co ry 1/ 4
a synboWQ Ml . Four synbol intervals are shown, t[er??’%’ggflgés
err] to t[err], t[lerr] to t[err], and t[err] to t[err].” Ote symnmbot- [efrT;m

rr], [err] or [err] Is transmtted during each synbol

spectively. Sets of windows Werr], Werr33 “Werr] and I 'lHr'H"&"MWI,

erlapping (hereinafter reference to a CLATMS * coL oM s
We Claim:

1. In a digital communications system having a
transmitter for transmitting informatioen in the form of an

£ analeyg phase shift keyed (PSK) signal and a receiver for
receiving said PSK signal, said PS5K signal having amplitude,
frequency, and phase characteristics wherein at least some of
said phase characteristics are related to the information so
transmitted, a demodulator comprising;

10 a phase detector receiving an input of digital data
representative of said analog PSK signal so received and
providing successive outputs representative of phase
estimates of said PSK signal based on transitions in saig
digital data; and

15 a data decoder having an input of coupled to said
phase detector to receive an input said phase estimates, said
data decoder converting said phase estimates to phase data
indicative of said transmitted information.

2. The demscdulator of claim 1, wherein said
20 digital data comprises a plurality of samples grouped into
overlapping windews, 2 time between consecutive samples
defining a sampling period, the demodulator further
comprising:
a timing recovery controller coupled to said phase
25 detector and having an input related to said phase estimace
and operable to provide an ocutput representative of an amount
to adjust said windows by one of i)} advancing said windows at

least one sampling period.

30 3. The denodulator of claim 1, further
comprising: '
a frequency controller having an input couplead to
said phase detector for accepting said phase estimates and
providing an output representative of a corrected phase

i least one sampling period and ii) delaying said windows by at

35 corresponding to each phase estimate input thereto.
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i\ft of WRABG¥s YeBhs, UBPPCOEK ARHBHRIONS 3B Nng t he tim ng of one ofNX.BR8 PE39
M ndows VWerr] VWerr] Werr} or Werr]. To synchroni ze timng of
glenodul at Qo3 h | F IN, the reﬁ% ved signal, denopdul at olrC28/s83212697M nes

3 O;,CP, gaeéhei N WI n\c;l\ammn“ﬁi interval is nost centrally

) window is referred to as the
Eynchr oni zi ng vm ndow *Ithe burst node, unique word detector 52 detects
it he nost centered-of the N windows and tT n:?%g" adj ust ment are made in

Yelation to the selected WI nd% A%‘&‘hﬁ' Q%Qt kg ngrnpe,w Q_%lg‘l gg and

¥ requency data generat ed by I's ‘used to a Just the
phase error and “d@itst Fﬁ%at??ﬁ?rf'glsqs & Ptlﬁﬁa%}'ﬁ"ﬂrﬂf M@Féqﬁ@hﬁ? }Ra are
dised to nmake adjglt&bﬁﬁat $nte s ppdhgowii ndags Whidkhwvalre dekapiengetween

i d h h | 0 | '
G on s on oo t%eefw& gént‘fy\iués}g% 308 3o %‘Lrnrﬁlg)ieg‘ggﬁg\k/\gq%eﬁe nearly

$ynchroni zation n contrn
tentered in a59lqmrs§lnbot interval. This w ndow woul d be sel ected as the

pynchroni zing wi ndow, howey¥ehingi Fécovdry Toeebl 8t b1t shhg

rynchron|2|ng mnQ%%%%n&&ngag%uéfiégﬂgﬁ% %av1ngdan input of said corrected
phase estimates received during each window and providing an
output representative of an amount to adjust said windows by

10 ane of i) advancing sajd windows at least one sampling period
and ii) delaying said windows by at least one sampling

period.

5. The demodulator of claim 4, wherein, said PSK
signal comprises a known seguence of data defining a unique
15 word, said demodulator further comprising:
a unique word detector having an input for
receiving said phase data, said unigue word detector making a
determination that said unique word has been detected based
on said phase data and identifying a set of said windows in
20 which said unique word is so detected and defining said set
of windows as synchronizing windows and further providing an
cutput identifying sajd synchronizing windows; and
said data decoder being further coupled to the
unigue word detector to receive said output identifying said
25 synchronizing windows, said data deceoder providing an output
of said phase data associated with said synchronizing
windows.

6. The demedulator of claim )}, wherein said PSK

signal comprises a known sequence of data forming a unigue
30 word, the democdulator further comprising:

a unigue word detector coupled to said data decoder
and having an input for receiving said phase data, said
unique word detector making a determination that sajd unigue
word has been detected based on said phase data and providing

35 an output representing'the same.
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eferably utilize a wni queLwor sO preanble prior to any data fields. In

he data recovery process of denndulator F the uni que word or preanble
S

ilized will be stored in processor 22. "T
processor 22 to unlque7Mqu%e demodulator of claim 1, wherein said

10

15

2D

25

30

VAR onPHPRFKPATHRRN PaSS B¢ advant age of elimi nati Ng.8s8 Pa4a

tersynbol interference. To substantlally center MAndoM/VWerr] it nmust be
¥el ayed 2 wmhgmasllmml hed line Werr].  PCT/USOB/ Yok | De

ataformat enployed in IF INwlI

uni que word will be provided

digital data comprises a seguence of successive digital
samples, each sample having a value associated with one of a
high level and a low level, the phase detector comprising:

an instantaneous phase decoder having an input of
said digital data, said instantaneous phase detector
determining if a transition between consecutive digital
samples has occurred such that one of 1) one sample has a
value associated with said high level and a subsequent
digital sample has a value associated with said low level and
2) o©ne sample has a value associated with =aid low level and
a subsequent digital sample has a value associated with saiad
high level, and providing a decoded cutput representative of
at least said transitions so determined; and

an instantaneous phase estimator having an input
coupled to said instantaneous phase decoder to receive said
decoded output, sajid instantanecus phase estimator providing
an cutput representative of an average phase estimate based
on said transitions.

8, The demodulator of claim 7, wherein said PSK
signal represents a sequence of known data symbols, each
symbol beinyg asspciated with a phase characteristic of said
PSK signal, said instantaneous phase estimator comprising:

a counter for incramenting a counter value related
to an instantansous phase of said PSK signal; and

an accumulator having a first input coupled to an
output of said counter and a second input coupled to said
instantanecus phase decoder, said accumulator accumulating
said counter values of said counter upon each determination
that a transition has occurred.

9. The demodulator of claim 7, wherein said PSK
signal represents a sequence of known data symbols, each
symbol being associated with a phase of said PSK signal, the
phase detector further comprising:
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orrespondy #Rskhe uni que word and provides this accunul aigramkssrizedi ts to

ni que wor etector ' rd detector 52 then correlates the
ccunul at ed sequence M ﬁl@“ jﬂ"’n gue word. Based on the results of
lhe correl ation uni ques L 52 will transmt a detect signal to

rocessor 22 and identify the synchroni zi'ng®wrndows. The ATRC 48
Fises the corrected phase esj.ijmtes. from.the 46 to_generate .timng data
gnd provides this timng adé'{lefq?e(’_)'ef‘ﬁéagr%%aessesélr;%ffgoﬁ'h%%ﬁ’rb%eas%d’rnp?ﬁ uses
fhe tinng data TR shddt insrepEinadys phase estimhars §addi ded by the
haSﬁ deL ector 2@i beriaividin@hake Ay eaiolg geherdt ghd adn &ﬁm@:lxﬁs Wi th respect
{o the phase est . van r..de t he .synchroni zin
M ndow. J''Iégxtnegslséd"eéra"‘glél(‘)"'v?/ ? gegc%irr%%erfgerﬂc% o% ¥H§%’60‘% car{ oarvefggf’néngﬁt er

detail. It wi Bl e&tinata land ahprevieusiidyaragesphase egtidmatiaad by the
fimter 26, i.e. a signal conposed of two

10. The system of claim 1, wherein substantially
all amplitude characteristics are removed from said digital
data before said digital data is received by said phase
detector.

10 11. A method for demodulating a phase shift keyed
(PSK) signal having a sequence of symbols, each symbol being
based upon one of a known set of possible transmitted phases,
said symbols being received in succession by a receiver,
comprising the steps of:

15 generating an analog signal indicative of the
symbols received by the receiver and defining the analog
signal as said PSK signal;

digitizing said PSK signal to provide a seguence of
digital data samples representative of said PSK signal

20 received, each digital data sample having a value associated
with one of a high level and a low level;

identifying transitions from said high level to
sajd low level and from said low level to said high level
between successive digital data samples;

25 generating a phase estiwate based on said
transitions so identified; and

decoding each phase estimate to provide binary data
representative of said symbols received and defining said
data as decoded data.

3o 12. The method of claim 11, further comprising the
steps of:
accumulating a sequence of the binary data;
correlating said seguence of binary data to a
unique sequence of binary data;
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val ues B2RgE |18y A UWBPDAEY BRSHBRN| 3 SgP4864 ded t 0 phase detector 4.858 Pg42
referred enbodi nent..of .phase detector 44 is shown in Fig. 11. Phase
etector 44 conprises an instantaneous phase decoder 58 an%ﬁﬂ%ﬁﬂllﬂ?

i nst ant an&%34/ %eeﬁm" nﬁﬂ gl di fferentially coded phase shift

eying (DPSK) is us m ui"m,the transmt signal, phase detector 44
hould al so include a" différefiti &l etector 62. Phase decoder 58
eceives an input of digital sanples from3Tmter nodule 26 in Fig. 7 and

iconpares each digital sanple with the nobst previous sanple. For exanple,

ssune that the value A P¥ovidingp tnRaspxey et gaid ccoxyrelatiygdsi apdt to the
hase decoder 58 will| beganegattnge detertionndigRis.if Saice ncAgneeare only

wo possi bl e val f.or _t | ..t only four possible
comrbi nat i ons ofeggﬁggéu?igge%%%#%gf‘ a?ﬁ”??ﬁ%??'oo, 01, 10, 11). Phase
decoder 58 functions to provide an output indicative of whether there is a

hange in the consecutivgival gge métidie of @1akin' Eﬁﬁiﬁm}fdzomdmipﬂbﬁﬁgzﬁ-xénd
f a change hgss%%%grggg to identify that change in the data. In a

referred
accumulating subsequent sequences of binary data;

correlating each subseguent seguence of binary data
to said unique sequence of binary data;

providing a measure of said correlation for each

10 subseguent correlation;

selecting one sequence of binary data having a
highest measure of correlation; and

providing an output identifying said selected
sequence.

1s 14. The method of claim 13, wherein the step of
selecting said sequence of binary data having the highest
measure of correlation comprises the steps of:
adding a number of consecutive measures of
correlation together resulting in a2 cumulative correlation
20 wvalue for each seguence of binary data;
comparing each cumulative correlation value to a
most previous cumulative correlation value until a current
cumulative correlation value is less than a most previous
correlation value and defining that most previous cumulative
25 correlation value as the highest cumulative correlation; and
defining one segquence of binary data corresponding
to the last of the number of measuras of correlation added
together to form the highest cumulative correlation as the
selected segquence of binary data.

30 15. The method of claim 11, wherein the step of
digitizing said PSK signal comprises the steps of:
limiting the analoyg signal representative of said
PSK signal to provide a discrete signal so that where said
analeg signal has an amplitude greater than zero said
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discrete signal has an amplitude corresponding to a first
predetermined level and where said analog signal has an
anplitude less than zero said discrete signal has an
amplitude corresponding to a second predetermined level; and

Y sanpling sajid diserete signal thereby forming said
digital data samples.

- 38 -

16. The method of claim 11, further comprising:
conparing each phase estimate with a previous phase
estimate to determine a difference between sach two
10 consecutive transmitted phases.

17. The method of claim 11, wherein each symbol is
transmitted for a period of time defining a symbol interval,
the method further comprising;

generating a number of phase estimates during each

15 symbol interval; and

averaging said number of phase estimates over a
period of time defining a window to provide an averaged phase
estimate.

18. The method of claim 17, further comprising:
20 defining a number of overlapping windows.

19. The wethod of claim 17, wherein a length of
said window is less than the symhol interval,

20. The method of claim 11, wherein each symbol is
transmitted for a period of time defining a symbol interval,
the method further comprising;

generating a number of said phase estimates during

Y
in

each symbol interval;
defining a number of windows, each window having a
length less than said symbol interval;
f 30 generating an average phase estimate corresponding
to each window;
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1 O It should be readily understood that other decodi ng schenes
oul d be used to providée the same information. ' A preferred

nbodi nent W SHI68L2i n decoder 58 is shown iYFHARPIHET A
anpl e del ay 64, V\hlammﬂm pi@ a sinple register or buffer, serves
‘0 store each sanple tntgl @ nex anple is received fromthe Iiniter
dul e. When the next sanple is received-tBe value of the stored sanple is
ubtracted fromthe value of the next sanple by subtractor 66. Thus when

onsecutive sanpl es are tIrheraringt RelXeBRNRY SFFpEt represantatifgentt fe
next sanpl e changpes drierid Wtb@ehlﬂheiahﬁ ireededsoubptds; s a "+1" and from

igh to | ow the decoded o&g&lécnﬁ? f” %%"co%e#’?@%‘éd %f‘lxﬁ‘@; bire two bits,

na preferred enbodi nent; the 0 conpr
[err] and B[ er r38ussridge seid %eaw@ riehqﬁﬁ GEFAPRBRS SR ich £F2EMeneyY Thus,

glerr] will isdisgtsetvhet her

21. The method of claim 20, further comprising;

grouping said windows into sets based on a relative
reference in time of each said window to said symbol
interval;

10 accumulating sets of decoded data so that each said
set of decoded data corresponds to those windows in said set
of windows;

comparing each set of decoded data to a known
segquence of data;

15 generating a detect signal when said dec¢oded data
is substantially the same as said known sequence of data; and

defining a set of synchronizing windows as said set
of windows corresponding to said set of decoded data when
said set of decoded data is substantially the same as said

20 Xknown sequence of data.

22. The method of claim 21, further comprising:
defining a window before each of said synchronizing windows
as an early window;

defining a window after sach of said synchronizing

25 windows as a late window;

determining a phase offset for each of said early
and late windows;

comparing said phase offset corresponding to saiad
early window and said phase offset corresponding to said late

30 window, said comparison rasulting in a difference between
said two phase offsets representative of a timing offset;
adjusting a timing of said synchronizing windows
relative to said symbol interval, based on said timing
cffset.
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ovi de an i nstantaneous phase estimte as a function of time.
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jesul ting sumis the instantaneous phase estinmate. Wen a transition occurs
tween two consecutive sanples, ABS bl ock 68 provides an output of "1".
en there is no transition between two consecutive sanples, i.e. B[err]=0,

S.bl ock 68 provides a "0". The output of ABS block 68 is nultiplied in
|tiplier 74 by the output of adder 73, i.e., the instantaneous phase
timate. In this manner, the output fromthe phase estimator is
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hown in _Fi g 14. It is assuned that four overlappi ng wi ndows are used per
ynbol per| or |nterval as shown in Fig. 9. Each a\/erawi ti mte
ut put frof er 76 is subtracted fromthe 4th subsequ %rfg phase
stimate by subtractor 80 to determ ne the average differential phase shift
I O0m consecutive correspondi ng wi ndows. 5/13 In other words, an average
hase estinmate is determ neéd over each of the wi ndows Werr], Werr],

err], and Werr] during &ach synbol interval. The avera?ge ph-ase estimate
jenerat ed for w ndow WA dufi ng the tine interval t[err] o t[ég r] is

el ayed by synbol delay b} ¢ck 82 shown in Fig. 14 until ,he aBerage phase
st.i mat e gener at ed—duriRetd-he~-afferval tlerr] to ig—pravided by
verager 76. The averaggq phase estimate fromthe interv I t[err] to t[err]
:s 't hen subtracted fr@’r"fh average estimate frominteri# t[err] to t[err]

y .subtractor 80, restH-mg in an average differential se between the
synbol s [err] and [efr].|] The symbol delay bl ock 82, therlgiore, must store
he averaged estingtes, [foy exanple in a series of stor
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regi st er &7 R6P d3e1 of UPPREDK WiHBISNS> &fEpt ovi de an out put for eadH.gs8 P22
feraged estimate so that it is subtracted wth the next average estimate
& the corresB‘ondl ng window, i.e., in this exanple the SUbfl%e(%t}&% 4%2

ndow. Bince in QPSK, the synbols are selected s 2
ynmbol corresponds to a phase between O[err4 and 90, a second corresponds

a phase between 90[err] and 180[err] d corresponds tp a phase
et ween 180[err] and 270[ekr], and the fourth corresponds to a&hase

etween 270[err] and 360[egl], the e - 19
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sounti ng out f(smnsﬂ es. Whilelthe edge count

{ RECEIVED B82/23 @6:10 1936 AT 5354864 PAGE 51 (PRINTED PAGE 51) 1}

inst ant HEEHSE pHALS esPFREAErUASBURYI* $Er8ft i al detector 62 and date. BIeceesr

0 are preferably inplenented as shown in Fig. 15. i Phase counter

4 is initwalsaesiato zero substantially at the beginning ofPCFAIAIAUEHHOW
eriod by a w ndow start signal, i.e., counter 84 repetitively counts over
ach quarter synbol interval. Phase countef/83 is increnented on each cl ock

ignal flerr] Wmch corresponds preferably to the sanpling rate of limter

ASEOWQL. 86 apted to fun Qn _as an edge counter for

is less than or equal to

ive, processbrd 8eMBAdvi des a Ioglc hi gh output to AND gate 88. Each tine a
ransition is d€it&EKe . (< =4, the ¢utput off the AND gate 88 w ||
econe | ogic hlgH thereb enab®ing ac¥unul at®r 90. \Wep t he edge count
xceeds five, the output| RHABE OCE SS‘ﬂCﬁ@ yg ANID qatt e 88 i1l become |ogic
ow t hereby di sabling acgmnu.-* @ 3 ) it I me an edge is
etected as indicated by=he—B s s Blerr] of out put of
hase decoder 58, accumul at or 90 |npu s the ¢ al ue of the phase

DanTECT . _j I ST [ DiFE
J" ./ DECODER

PROCESSER FORMAT
EDGE — o INTERPOLATED VALUE CONVERTER

F1G. 15 o

ESTIMATE  ESTIMATE
{QUADRANT} (OCTANT

+ERRORY)
|
I |
|
T
l
FIG-IG [ WINDOW _PERIOD __}
QUADRANT OCTANT
MAPPING MAPPING
X___Y_|DIFE PHASE
1 1 |-3pi/4 0,1 (0,0)
C 1 | 3pi/4
c O pi/4
1 01| -pisa
N : (1.0 (1,0 ,
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ount er BA2RME A7eifnul ADEEDER HRRBYRA 2 GIodERt | 1 f 1 Ve edges have beemodmsemazi

0 processor 86, wher eupon accunul ator 90 is disabl ed. IS noted
t; at if th Féégmy of the baseband signal was such that A’Jssts'ﬁ&'l
tRansiti ons cou occur during one fourth of a wi ndow interva processor

4% and gate 88 would not be required to eng?\g:/dl sabl e accumul at or 90
ecause the contents of the accumul ator could be output at the beginning of
dgach quarter synmbol interval. The accunul ated counter val ues are
¥ ef erably output to delay nmenber 92 gymMdp adder 94. ThenpcopBURETON Of
punter values for every two consecuti'meMg/ 4 synbol peri agapa€Lgdded by
glder 94 resulting in a phase value for |each w ndow. When DPSK i s
ed each phase value is subtracted frdmthe next phase val e

rrespondl NocHRRELTED 2 wi ndow (e.g., Merr], Werr], Werrf] or V\[i&rr]).

#ccordingly, PHASd Ceé DbE n |
- POSITIVE
+THR? ™| COUNTER
DIFFERENTIAL o] PHASE J
PHASE "@ ~| ERROR !
. < NEGATIVE

~THRP| ™| COUNTER

AFC HARDWARE

CORRECTION TRESH. FREQ.
FREQUENCY [+ | COMPARE ACCUM

SIGNAL - EXP

ACF SOFTWARE l
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- 20 - @nzR/BRo 1pitdse WGEDOREK WHRORYRY *nBiSdeBdceed a nunber correspondPifget 853

60[ err]. Such an operation is effectively achieved by differential decoder
6 and fpr‘g? gl ayerter 98. Differential decoder 96 gener aPSE/USM/EGYr age
ifferentia mat e and converter 98 converts the average differenti al
stimates into a data format representati9fd3of the quadrant of the
ifferential phasg _the sign of any error and the anpunt of any error. In
irder to nore_fulQ@ =rappreci ate the operation of differential decoder 96 and

onver t er 98, n phase shift events associated w th denodul at or 28
eed be consi :
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r ange-zd/saceusl at muoéﬁkfmsHmlRlﬁtﬂ 5353 err] phase shift was conyEasedsday

am ning the maxi mum di fference in accunulations that result in the sane
jhase estijat shown by the top waveformin Fig. 16 a cted
dge ri se,s%xg@fﬁ? on count zero of the given w ndow peri oagé{fﬁggﬂ%?
articular detection will provide an accunul ati on sum of eighty two
0+8+16+25+33 provi ded by counter 84) in aodul ator 90. If the rising edge
giccurs an infinitesinmal tinme before count zero, as shown in the |ower wave
‘.orm the first detected edge falls on count 8 of counter 84 and gives an
kccunmul ati on sum of one hundred twenthx t hree (8+16+25+33+42 To make these
jccunul ati on suns equal, an offset MR ty two (42) EN{ QF SJe added to
fhe first sum In the context of thdl erred enbodfERRB CLEAML an of f set
,orresponds to adding a phase shift of [err] radians. Thefefore, a 2[err]
pr 360[ err] phase shift j-s—ei-ghty—ted r—eoUnt-s—apart —-o ntly, the
ccunul at ed counter val ugs in accunul &t or 90 can be used ,_o_g.en.eg te
Pnf ormati on i ndi cating what phase qua rant the recei ved PFK sign falls

Bi t hin and the armount of , @ssoctpted wi H cel ved PSK
R gnal . 3 - EARLY
+THR? COUNTER
CORRECTED I
PHASE I ’
ABS
At L < | o LATE
ERROR -THR? COUNTER
TIMING RECOVERY HARDWARE
+
TIMING THRES | . TIMING
ADJUST =™ COMPARE ACCUM
SIGNAL _ EXP
QUAUTY FILTER
I_ TIMING RECOVERY HARDWARE |

FIG. 21
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For exarPgbarss coRsiSder WBREOGKTEREY 0F34PeA t al data shown in Fi g. NPRNE2S

lassune that counter 84 is counting at the sanpling rate of PEPARIF26542
i .e., the WAPY¥ESBte of clock f[err] equals the sanpling rate. Ia?ﬁthis dat a
i s output fromlimter module 26 and tihg¢irst bit corresponds to a w ndow

oundary, five transitions occur at counter val ues of
21 - 3, 11, 20, 28, and 36, respectively. The sum of these five nunbers

S ninety eight (98). hat this data
START _

Y

202

BURST
DETECTED
v

NO

YES 2104 216
WAIT FOR END FREDUENCY OFFSET!
OF BURST ™1 INCREMENTED
220
206 \
7 CLEAR '
READ e ACCUMULATE
AFC AND ATRC FREQUENCY
COUNTERS 218 ¢ OFFSEY
* FREQUENCY
| 29'8 — OFFSET
CALCULATE DECREMENT
FREQUENCY
OFFSET OVER
BURST
210
ACCUMULATE
FREQUENCY
OFFSET FROM
BREVIOUS
BURSTS
OFFSET >0
G |

' WRITE
1  FREQUENCY -—-{:)
OFFSET
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prr espof (B t1elsy nbEPDCPE WASHEYRY t B8S4P4i ng of wi ndow WA i n Fi ¢'0.8884/856
‘tthat the sane data would result during the next 1/4 symt:j)ol interval (i.e. ,
e first half of W) . In view of these assunptions, a derl,‘%gU Hb@dy t hen
dd togeth W Rcc” unul ated counter val ues for both 1/4 sy O#BI nterval s
}0 arrive at an average phase estinmatel®df1dne hundred and ninety six (196).
y fferential decoder 96 (Fig. 15) would then subtract one hundred ninety
j X (196) fromthe average phase estimte of previous synbol [err]
'rrespondi ng to the timng of Werr]. If the average phase estimte for
- Prr] corresponding to WA wgas two .hundred eighty (280), then the difference
et ween synbols [err] and r] would be eighty four or 2[err]. Since the
anpling rate of sanpler 4Xis pre 3F3ably 19.2 Mhz, there are approximtely
.67 sampl es per cygele-of ts b2 Mz baseband data signal and since
cunul ator 90 is dijsabPAAIE five (5) transitions, ten (10) transitions
from each hal f wijldMI dqui re approxi mately eighty four (84)
mpl es. Thus phase le& B Bleo

gt be increnented fromO to 41 each half
ndow peri od. rags
ACCUMULATE 234
RO SBEVIOS INCREMENT
FRO%S&S&‘:?US BIT TIMING |
228 232
| CCUMULATE £
ACCUMULATE ACCUMU
IMING OFFSET > TIMING OFFSET DECREMENT |
THRESHOLD >0 81T TIMING
?
NO
236 r——‘
\
" CLEAR
ACCUMULATE
TIMING OFFSE
238
Z
WRITE
wl BIT TIMING | |
ADJUSTMENY
RETURN
TO STYART
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i nce e&eff24%er a6 phadBPEEK \“HBHEERY 8 Gf#act ed from the nmost preW§-8e Pe°
iverage phase estinmate corresponding to the sanme set of w ndows, it should
ot be necessar to add [err] for each falling edge, i.'e. ﬂ@ﬁﬁ ] is O,
is descri &Y ously If the first edge is rising, then eggé%%che of
dges w || be rising, falling, rising¥3f®ling, rising. Theoretically,
err] should be added only two tines, once f H falling edge. If the
Fi rst edge i syNphUE WgORDhen t he sequence of ?t#ﬁ%%gﬁég will be falling,
5l sing, falli S§LECTYST NQ, g, and 3[err] shq be added to the
jccunul at ed counter val ugs- . > y scenarios for five

AT accumnul at ed

alue is subtracl%dvfron1 [ i al decoger 96.
nsequently, it d_[err] for each fattigdge.
. DETECT |DETE
LOGIC |INFQ.
|
+*10ELAY w4 DELAY
sl DELAY
FI1G.23
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‘nﬂfﬁlﬁ Fas
- 22 - However, where one accunul ated counter val ue

corresponds to a transition sequence having a falling first edge
first and the other accunul ated counter val ue corresponds to a
transition sequence having a rising first edge the difference
bet ween the two accunulated counter - 1 - vl ues wiTlreontai nn gy o
const-ant-—bi-as--of- P%~~Thgs, T a prgﬁerred |nplenen;at|on %
value of* fbrtyfiﬁb (4 ) . i corresponding to [err],’ i s addéd’ TO;;
ave;zéé‘phasé esfrnate“’““ "“"“i i f the corresponding’ tranS|trﬁn ‘sé fq&g
bedivhs twitfh a:pand .o “"fra‘}Hng edge. This featgr nay “be lanan‘erfted‘ a¥® |
shqmn iw ngtsd pwed R 018 by processor 86 prof dlng an output of Ferey
twgi 2eeeet o pfd2). Sotaddef 94 in t he event that the first detected
trqnsuron iscasfal Ling. edge... | i+ The differencea@vween |
average phase estimates” - e

topera onpeee e S 0 " ewin et

DIGITAL DEMODULATOR WITH FREQUENCY
AND TIMING CONTROL

Cross-Reference to Related Applications

This application is related to copending
applications Serial No. 08/013,625, filed February 4, 1993,
which is assigned to the same assignee and is incorporated
herein by reference.
Field of the Invention

The present invention relates generally to the
demodulation of digital signals and more particularly to the
demodulation of guadature phase shift keyed (QPSK) signals.
Background of the Invention

Presently, the design of commercial cordless
telephone systems is based primarily on analog signal
processing and transmission techniques. The use of digital
techniques in other transmission systems have resulted in
improved system performance due to a reduction in signal
interference and noise achieved using digital techniques. It
is, therefore, desirable to incorporate digital signal
processing and digital transmission techniques in the next:
generation cordless telephones. ,

h Such cordless telephone systems typically include a
battery powered portable station (handset) and a base
station. The base station is optimally connected to other
telecommunication networks. Although the invention may be
used in any digital transmission system, its use will be
described herein for application in digital cordless
telephone (DCT) systems.

Communication channels between the handsets and

base stations in DCT systems may be set up using slotted

This Sheet Has Been Replaced’ This. is the replacement sheet
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.correspondi ng to consecutive windows in a set of windows is used

to determ ne the phase quadrant of the PSK signal from one
synbol to the next. The quadrants nay be defi ned according to
Tabl e 3 bel ow. TABLE 3

Dff Quadr ant Synmbol [efr]-[err] #

0- 20 1 00 -2 - 21-41 2
01

42-6 .. . 11
63-83 ALOHA, a well knoypy TDMA (tgme dlv?ﬁﬁP@f&P&F%ﬁl%fﬁ??ﬁ%%kwence
bet ween téehavguageThBabeT system may eshmiptieatieqr fopntiglstamyg,] and [err]

cory e=PGgLRg. 18y MPUR WGt thoh®aumrexsgg ek I AR, e e
second qQ@ﬁ@Qm@pipnebetﬁeen the handsets and the base station. It is
typical in such systems to operate in both burst and
continuous modes. The burst mode is generally used to
broadcast messages and to transmit control information, i,e.
to set up a link between the base station and a particular
handset. Once all of the control functions have been
performed to set up a link, data, i.e. voice data, may be
transmitted using a series of continuous bursts, referred to
as the continuous mode.

A common form of digital communication employs a
digital modulation technique known as Phase Shift Keying
(PSK). 1In PSK, the phase of a carrier signal is switched
between two or more values in response to binary data
representing the information to be communicated. Where only
two transmit phases are provided, each phase represents a
single binary digit. For instance, the carrier signal can be
switched so that its phase is 180° in response to a binary
"1" and switched to 0° in response to a binary "0". This
techniqgue is known as phase reversed keying (PRK). The PRK
waveform can be written as

¢, (t) A sin(w.t) (1)

@,(t) -A sin(w.t) (2)
where w, i€ tlié angular frequency of the carrier and ¢, and ¢,

are the phases of the PRK signal. The PRK waveform according
to equations (1) and (2) is shown in Fig. 1. .

Tc increase bandwidth efficiency (the number of
bits transmitted per unit of time), a technique known as
quadature PSK (QPSK) is used. 1In QPSK each transmit phase
represents two bits of data thereby increasing the amount of
data that can be transmitted over each phase interval. The
advantage of QPSK modulation is that both the in-phase (I)
and the gquadature (Q) portions of the carrier signal can be
modulated and combined to form the QPSK signal. For
instance, Fig. 2a. shows an unmodulated phaser of the carrier

Thibs is the rapiacement sheef
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‘bit sequence "01". In a further preferred enbodi nent,

the phase of the - transmtted signal is centrally positioned in
each quadrant, i.e., at 10, 31, 52 and 73. Thus a differenti al
phase of twenty four (24) is seven (7) below the second

guadr ant phase value. In this enbodi nent format converter 98
can convert - 23 - the average

differential estimtes into a data~fdrmat representative of the quadrant of

t he di fferent | aI Ephase
igs. '2b and 2¢c show the modulated carrier of each

the I and Q portions of the carrier signal respectively. The
QPSK signal can be represented by:

91 = A cos(wt) (3)
92 = -A sin (wt) (4)
¢3 = -A cos (w.t) (S)
¢4 = A sin (w_t) ' (6)

The phaser diagram shown in Fig. 2d results from the
combination of the I and Q portions of the carrier signal.
Fig. 3 is a block diagram of a prior art coherent
QPSK demodulator. As shown, the QPSK carrier signal is
received and filtered by bandpass filter 500. Filter 500
rejects undesirable adjacent channel interference and thermal .
noise. Typically, automatic gain control (AGC) 502 is
utilized to adjust the energy level of the received signal.
In a TDMA system, large burst-to-burst level differences
arising from downlink fading due to atmospheric attenuation,
distance and scattering can vary significantly. Thus AGC 502
detects the peak power of the received signal and provides
feedback to the receiver so that the receiver’s amplifier
levels can be adjusted according to the strength of the
received signal. Power divider 504 is provided to compensate
for the power level difference in the carrier phase and bit
timing recovery circuits 506 and 508 respectively.
The carrier phase recovery circuit 506 extracts the
. I and Q sidgnal components from the received PSK signal. The
90° hybrid circuit 510 is used to separate the I and Q - ‘
signals. To this end, the I signal is mixed with the cos
(w.t) and the Q signal is mixed with the sin(wct)
by mixers 514 and 512 respectively. Integrators 518 and 516
are used to detect the energy of the down converted signal
over each time interval according to a well-known
relationship:

e=[ Z|£(e) |ae | (7)
cl
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sign of the error and the anount of the error. The quadrant and
octant (i.e. sign of the error) are depicted graphically in Fig. 18. The
guadrants have been subdivided into octants. For exanple, where the average
differential phase estimate is twenty four (24) as in the exanple described
above, the output of format converter 98 would be 0110111. The first two
bits "01" indicating the second quadrant. The third bit "1" indicates that

the error Jpepd tdvidy t; ' ; ant, t hy adr sh I n
Fig. 18 and the fflgt}r l:%n%il%usst'nlggqﬁlt g(tl"'é).ejl'l'l'I:EL |eﬁla§'|clg);%e%hat a({]#fe%gzr'r o%ll seven

(7) or apfroAviedt &he JoTtanval 1t thee tlefand & ienttdws mnRrgwah Wwunt

represent sigalodvert aine 4ideriMterval t1 td A f Wihed WSt &4 two
enbodlnentrproce sor. 86 conputes .t he qlfference bet ween t he counter val ues

cor r espondiTiF S & £2AF5S & En I et Qifgnafie ahpited are
di f f er enceepadattied dyurt ar8 0ralpha seorstESIoNding giaddef ald s efga ar e

the edge Syumt o Sorr o BRAdvl 1a e ey ‘TH S BN Ly Tour
(84), theFdgiwy®t &d difference is added to the fourth counter val ue and

Figure 4 shows that when the detected energy of the
in-phase signal is -E, the probability that the received
signal corresponds to transmit phase ¢2 (equation 4) is
greatest and when the detected energy of the in-phase signal
is +E the probability that the received signal corresponds to
transmit phase ¢4 (equation 6) is greatest. Similarly,
Figure 4 shows that when the detected  energy of the guadature
signal is -E, the probability that the received signal
corresponds to ¢3 (equation 5) is greatest and when the
detected energy of the quadature sighal is +E, then the
probability that the received signal corresponds to ¢l
(equation 3) is greatest.

Referring again to Fig. 3, I and Q decision
circuits 520 and 522 determine the transmit phase of the
received signal and reconstruct the transmit data, i.e. the
binary data represented by the phase of the signal. The
reconstructed binary data ocutput from the decision circuits
520 gnd 522.is then combined into a single serial stream of
binary data by the parallel-to-serial converter 524.

In most transmission systems, incliding DCT
systems, communication between a receiving unit and a
transmitting unit requires burst synchronization. Such
synchronization is typically accomplished by providing the
demodulated binary data to a correlator which detects a known
pattern, such as a predefined preamble. Detection of the
preamble or other known pattern allows the demodulator to
synchronize its timing with the received psk signal to that
the demodulator can decode the received symbols.

It is well known to fine tune the demodulator’s

timing to the received symbols during operation in a
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-this interpolated value is provided to adder 94. Therefore, if the fifth
edge is not detected, then the phase estimtor can interpolate for that
edge to generate an average phase estinate. As indicated in Fig. 7
t he average phase estimate or average differential phase estimtes are
output fromthe phase detector 44 to AFC 46. A detail ed bl ock di agram of
AFC 46 is shown in Figure 19. AFC 46 Pncl udes both har dwar e desi gnat ed

general ly nd_sof t war esignate ner all 0 Pref.erably, AFC
Jof tvar o BB Brvr 8 cudat 48 G EERL I8 L S R GE Lo YR BRGE Ena LEHEER) Y, 0
f r equencyedaen. gedecrat Lindytwringdomay beopreviédedybynthet symdoilntpmavessor
22 duri ng,.gagheii "B PEGL L L5 ybIE cpl 2Q ispop LA\ Rpa]
continuoggsnpd% %ndlg§%£€ ?ﬂg ﬁﬁ%gﬁeiﬁofggﬁgg_geenédeﬁgggeg.s rocessor 22
uses t hi stiBingdt FeERYRF Y FErfRit would determine within which time

intervals the maximum amount of energy is received. Those
intervals should correspond to the symbol intervals of the
received signal. Thus the symbol timing recovery <ircuit 508
causes the decision circuits 520 and 522 to determine the
phase of the received signal so that the decision corresponds
to only a single symbol.

It has been found that the analog demodulator of
Fig. 3 can be simplified by digitizing the integration and
decision functions. Fig. 5 is a block diagram of such a
digital demcdulator.

After demodulating the received signal using mixer
530, the PSK signal is sampled at a frequency greater than
twice the Nyquist frequency, where the Nyquist rate is the
highest frequency of the down converted PSK signal. It has
been found that by determining ‘the zero-crossings of the
signal with respect to time and referencing the zero-crossing
to a reference transmit phase, the phase of the received
signal can be determined. Waveform digitizer 532 sémples the
down converter signal represented in Figure 5 generally at
536. The zero-crossing digital signal processor (DSP) 534
estimates the zero-crossings of the sampled waveform and then
compares tfiem to those of each of the possible transmit
waveforms to determine the phase of the received signgl,

However, this technique can become guite
complicated due to the iterative curve fitting for
trigometric functions which is necessary to determine the
phase of the received signal. Furthermore, noise,
intersymbol interference, and timing misalignment degrade the
received signal so that only a best curve rather than an
exact curve can be identified.

To avoid these problems, a phase progression
digitizing technique has been suggested. This technique
bypasses the waveform digitizer 532 and the complicated zero-
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- 24 - frequency error (frequency offset) of the output of limter nodule
26 during each w ndow interval . The frequency offset is stored by
AFC software 102 at correction frequency store 104 and is added by adder
106 to each average or differential phase estinate provided by phase
detector 44. This addition results in a corrected phase and will be
described in nore detail below. The~c8rfected phase is provided as an

provi ded (3 SHEE arro o He B T Cre e e L9 bhz 08 cpRBor SERAL BPRRBet i o
provi ded lﬁhqgﬁ* otechniqee vsephascoenter tetectnoneachcoytld08f The synbol
timng i's Msedhd& SESRCE i dNPPE COLREFI G PRASEoLLPHES or on down-
crossings. A fixed sample rate is selected to be at least
equal to the Nyquist rate of the modulation, i.e. at least
twice the symbol rate. Optimally a number of cycles will
occur between samples. The samples mark events, i.e., an up-
crossing or down-crossing, in time. Thus the phase of the
received signal is determined by comparing the time of the
events occurring in each symbol period.

For example, consider the phase progression plot
shown in Fig. 6. The phase progression plot plots the events
as a function of time. The PSK signal is shown below the
plet. The samples or events are enumerated as well as the
time of each event. The curve fit for determining the phase
of each symbol becomes a system of parallel lines where each
line corresponds to one of the possible transmit phases.
Using this technique all amplitude information is discarded
and trigometric curve fitting can be avoided.

Unfortunately, this technique has several
limjtations as well. In particular, the sampling fregquency
in such a scheme is critically linked to the signal frequency
in that a sample must occur on either upward zero-crossings
or downward iero—crossings. Thus, whenever the signal
undergoessfrequency drift, which is well know to occur in
comqgnication systems, or frequency changes for other
reasons, the sample rate will require const;nt adjustmént to
track such frequency changes.

Accordingly, a need still exists for a digital
demodulator which can detect the phase of the received signal
regardless of frequency changes and drift of the received PSK
signal, which is relatively inexpensive and simple to
implement.

Summary of the Invention

The present invention fulfills this need by

providing a digital demodulator and a method for demodulating

digital data. According to the present invention, the
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that correspond to the synchroni zing wi ndow identified by uni que word

detector 52 after detecting the unique word, e.g. those corrected phase

i nputs corresponding to wi ndow Werr]. Phase error detector 108

stores the corrected phase of the sel ected wi ndow and conpares each phase

to the possible transmtted synbols. For instance in a [err]/4 QPSK

modul ati on system the set of transm #t&d synbols may include 45[err],
Thus if the corrected ase o

135[err],  225[err], and 315[err]. f the

sel ected %&%ﬂ%ﬁiiée%%?%}?%?Lpﬁ%é%ré??%rad%?%ﬁ?o?eiﬁgtﬂéup 1rHeAEFRR Ehe
45[err] t@amansmpht pbAseigqstihedatasesimebase safiptahqubateckheedi Ahallegce to
be -10. . SLLkV gative.threshol d d t 1 ]
deterninepaﬁe?h%?g?héﬁéafgﬁ?g g% g?%f%%%ﬁ%%fb%?g%eﬁkgéeségf%eg gggﬁééée and
the sel echagedramstranphbsenssigrehe edighbal adptadet Ehai pbaspositive
threshol dogf 5 @éésgéﬂﬁa £nh edsh éi’{ﬁ&(;dtaegﬁéé¥e%£g5e§ﬂ@'iéat&@§psgt kely. In

the preferred enbodinent, the threshold for eac etector 110 and 112 is 2
and -2, respetRitvesy ERfCEBREEIPORAY 2 A2bRAGREGOA8Y6[err]. If the phase
error is greater thanat Beepesrbllvenbbaesbatdtnehangnesit degacqenter 114 is
incremented. |f_ the : . .
grouped 1into overlapping windows of data. The digital
demodulator according to this preferred embodiment comprises
a unigue word detector, a timing recovery controller, and a
frequency controller. The decoded data is output to the
unigue word detector which correlates the decoded data with a
predefined unique word. When the unique word has been
detected, the unique word detector outputs a signal
indicating within which of the overlapping windows the unique
word had been detected.

The frequency controller monitors the phase
estimates provided by the data decoder and compares them with
the closest of the possible transmit phases to determine a
phase error. Since a change in phase error over a symbol
interval is indicative of frequency drift, the frequency
controller determines a fregquency offset from time to time to
track the frequency of the received PSK signal.

The timing recovery controller uses the frequency
offset to adjust the phase error determined after each symbol
period. If the symbol timing of the demodulator was
synchronized with the timing of the received symbols,‘the"
phase error would approach zero. When the phase error,
however, is greater than some predetermined threshold, the
timing of the demodulator must be advanced or delayed to
synchronize with the timing of the received symbols. The
timing recovery controller éomprises early and late counters
for maintaining a count related to the phase error in an
early window and a late window respectively. When the phase
error in the early counter is greater than the phase error in
the late counter the timing of the demodulator is advanced

and when the phase error in the late counter is greater than
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phase error is less than the negative threshold, then the negative counter
116 is increnented. At the end of each slot, (in the preferred enbodi nent

each burst includes five - 25 - (5)
slots) the contents of counters 114 and 116 are output to AFC software 102
for processing. Since frequency is related to phase by the
follow ng rel ati onshi p: - f(ty 8 dferr](t)/dt

(8)

the phase error in the early counter the timing of the
demodulator is delayed.

In a further preferred embodiment, the phase
detector comprises an instantaneous phase decoder,
instantaneous phase estimator, and a differential decoder if
the transmitted signals are differentially encoeded. The
instantaneous phase decoder identifies when transitions occur
in the digital data. The instantaneous phase estimator
estimates, based on when the transitions occur, the
instantaneous phase of the received signal and averages a
number of instantaneous phase estimates together. The
differential decoder computes the phase difference between
consecutively received symbols based on the phase estimates
corresponding to windows having the same timing.

In still another preferred embodiment, the digital
data is formed by limiting the received analog signal and
sampling the limited signal thereby removing substantially
all amplitude characteristics from the received PSK signal

prior to demodulation.

Brief Description of the Drawings

The present invention will be better understood,
and its numerous objects and advantages will become apparent
by reference to the following detailed description of the
inventiomewhen taken in conjunction with trh> following
drawings, in which:

Figure 1 graphically represents a PRK waveforn;

Figure 2 shows a phaser diagram of a QPSK signal;

Figure 3 is a block diagram of a QPSK demodulator
according the prior art;

Figure 4 shows energy detection envelopes of QPSK
symbols; .

Figure 5 is a block diagram of a prior art digital
PSK demodulator;

Figure 6 is a phase progression plot of a PSK

waveform;

Y 1 P g oy L - A 2T ~Y
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where f(t) is a function of the frequency of the PSK signal and [err](t) is
‘a function of the phase of the PSK signal. Then the frequency error can be
determ ned by the follow ng equation: [err]f= [err] wher e
t[err] - t[err] is the slot period, [err]f is the frequency offset during
that interval, and [err](t[err]) is the phase error at those respective
tinmes. Therefore, the frequency offsetgof the received signal can be easily
calcul ated at the end of each slot by subtracting the negative phase error
mai nt ai ned by negatFﬂ@un@uhtEs alﬁlé¢bnm1a@ramsbfiaedp@aselerror mai nt ai ned

by positivg ofL]a4chzfd1t 'Eé’eée%}@ﬁ@er?@?ﬁﬁ ant, as it would in

an ideal world, phase ‘err ring e’ sl ot period should
remai n constant. Th%*@@b@es[%ﬂ¢?$t$h§r$§gna{e¥m$Qt[é¢r?wd =s@gnailnce t he

frequency fagndriddm die) finfi il SNtk Qher factors Af represents the
average offset frequency over each slot_interval, At the end of

each sl ot frequency® *@&fnd atHran 1gxample of a window/symbol timing
using four windows per symbol period;

Figure 10 is a timing diagram showing a deSLred
timing adjustment for fine tuning demodulator
synchronization;

Figure 11 is a block diagram of a preferred
embodiment of a phase detector according to the present
invention;

Figure 12 is a block diagram of a preferred
embodiment of an instantaneous phase decoder;

Figure 13 is a block diagram of a preferred
embodiment of an instantaneous phase estimator according to
the present invention;

Figure 14 is a block diagram of a preferred
embodiment of a differential phase detector according to the
present invention;

Figure 15 is a block diagram of a preferred
implementation of the instantaneous phase estimator,
differential detector and data decoder according to the
present invention; '

Figure 16 graphically depicts a symbol phase shift
of nearly 360° with reference to a synchronizing window
according to the present invention;

Figure 17 shows an exemplary sequence of digital
data and denotes transitions occurring within that sequence;

Figure 18 graphically depicts quadrant and octant
mapping for a n/4 QPSK signal according to the present
invention; '

Figure 19 is a block diagram of a preferred
embodiment of an automatic frequency controller according to
the present invention;
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I s updated with cunul ati ve phase error determ ned in subtractor-120 (i.e.,
the value of the positive counter 85 m nus the value of the negative
counter 86). The updated accunul ated phase error is then conpared to a
predeterm ned threshold at 122. However, it is not necessary to nmake such a
conparison after each slot, rather the cunulative phase error from severa
slots may be accumulated prior to CcOl ing the value to the threshold. If

t he accunul at ed ph oL~i s_lar h t hpeshol d w of f set
frequency is genera??%8£% %8 Es g?%?%d gy g$8c8 s%rpﬁﬁf fﬁ?gneM/offset
f requency 4@P%¢mﬁﬂﬁﬁﬁmpm00%d¢mQCQUtm®aphasérequ@mefCQMErphhee esti mat es

input to %&%1@%§%é’fp1@é’é’ﬁ€r§m}éﬂ4tf&ﬁj 116 is proportional to the
e

variance of th
Figure 21 is a block diagram of a preferred

embodiment of an automatic timing recovery controller
according to the present invention; and

Figure 22A is a flowchart of the AFC and ATRC
software routine according to the present invention;

Figure 22B is a flowchart of the ATRC software
routine according to the present invention.

Figure 23 is a block diagram of a preferred
embodiment of a unique word detector according to the present
invention. '

Detailed Description _

Fig. 7 shows a block diagram of a portion of a
radio frequency (RF) receiver/signal processor, generally
designated 20, including a digital demodulator constructed in
accordance with the present invention. Such a receiver has
the advantages of low cost, low complexity and low power
conéumption. The overall function of the receiver is to
recover digital data from an analog input signal (IF IN) and
pass such digital data to a central processor 22. IF IN, in
the preferred embodiment, is a n/4 differential coded
guaternary phase shift keyed (DQPSK) signal in analog form.
IF IN is an analog transmission representative of various
phase represented symbols. IF IN is transmitted at a given
symbol rate. Each phase symbol is representative of a set of
digital data, i.e., a particular bit sequénce. Although the
arrangement shown in Fig. 7 is a combination analog/digital
device, it is susceptible to an integrated circuit
implementation.

Receiver 20 is shown to generally include a down
converter module 24, a limiter module 26 and a demodulator
module 28. Down converter 24 serves to down convert IF IN
from a received frequency of approximately 250 MHz to a low
IF signal of approximately 1.152 MHz. Limiter 26 serves to
both limit the low IF signal or down converted signal and

I3
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- 26 - phase. Consequently, this sumis useful as a |lock indicator and a
signal quality estimator. This sumis generated by adder 124 and passed
through exponential filter 126. The output of filter 126 can be used as an
estimate of the long termsignal quality. In an especially
preferred enbodi nent, AFC hardware 100 (excluding adder 106 and phase error
detector- 108) is inplenented accordiAgito-the bl ock di agram shown in Fig.
20. Corrected phase error bits output from phase error detector 108 are
provi ded &3m@de Ahet stignair eshal dathetlectrartel 3thiddr ﬁifseraetbllyeasihmetﬁh&lrgshol d
IS set at i . a rror reat.er than two, thresho

det ect or nggéﬁﬁ)gtageato:}ggﬁa% h%?)é"% sc:%é‘rgzﬁ§%r?ﬁ Sllfgrﬁ‘ule' phase error is |less
than two threshol d ifsttltorsorasiitmut3B arecmyers o ¢iffetentihel bphagé he

3rd bit odtipuhlb¥reantset @anpes ULt WY G AHA s,  such
recovery occurs by removing frequency and phase error to
optimize the detection of phase information from the
dirferential phase signal. Once differential phase
information is recovered from the down converted signal,
phase symbols can be determined and converted into actual
digital data output to processor 22.

Down converter module 24 is shown to include
bandpass filters 30, 32 and 34 and mixers 36 and 38. Filter
30 eliminates out-of-band signals, including spurious mixing
images and other channel transmissions, if any, reduces
noise, and shapes the desired signal. - Filter 30 exhibits a
response roughly approximating an optimal "matched" filter to
a filter used prior to transmission.

It will be appreciated that the down cohnversion of
IF IN is achieved by passing the signal through mixers 36 and
38. Although the actual frequencies selected for the first -
and second signals applied to mixers 36 and 38, respectively,
can be any frequency which will achieve the necessary down
conversion, certain frequencies are preferred because of
their non-interference characteristics. A more detailed
explanation of the frequencies selected and the
considerations relating to such selection may be found in
copeéding application Serial No. 08/013,625, filed
February 4, 1993. 1In the preferred embodiment mixer 36 down
converts IF IN to approximately 10.7 MHz.

Filter 32 generally performs the same function as
filter 30, namely image rejection, noise rejection and signal
shaping. Mixer 38 provides the final down conversion of IF
IN to approximately 1.152 MHz. Filter 34 is a discrete
inductor-capacitor (LC) filter which primarily eliminates
mixing products occurring during the down conversion process.

The primary function of limiter 26 is to convert

the down converted and filtered IF IN analog signal, output
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of the identified quadrant the error falls within is input to AND gates 132
and 134. \Wen the phase error exceeds the threshold and the phase error was

in the first octant, i.e. sign bit is a "1", then the output of the AND
gate 132 will increnent |late counter 136. However, when the phase error is
in the second octant, i.e. sign bit ="0", it is inverted at input 138 to
AND gate 134. AND gate 134 thereaft®erldprovides an output to increnent the
early counter 140. ) As indicated previously, a corrected phase is
out put from AFC 46ThE BYRR2Z¥ EBPFE%BBntnélpbtégcﬁGmﬂﬁd CRNYATA . A

functi onathél dekn deagrent od MG 18t éBed NDININ Nafra JogesignaATREutBuks shown
to inclu r e 142 and software 144, .Since 8 o] acking the
timng af:gggtﬁgﬁéﬁfqﬂé’wb?%oh%§¥%%%%a%e?%%?%§,wgqa§% o&ﬁ%e?%?eg?hgﬁ

synchr oni aakpar tetodiqitia b epmdenterf t erThéedyhtatonighad aendoatednble

identifiefiniter 26 idNENELELALELEDP &é%r€81 i 'Q99§&bﬁ38ﬁ§etbe

synchroni zing wndow Is 1nput to the absolute (ABS) early error detector
146 and t¥Rr chhrekeedPHrPagesiPdm one wi ndow fol | owi ng the synchroni zi ng

wi ndow is input toaghgndB® hateig. 7, limiter 26 includes amplifier
40 and sampler 42. In a preferred embodiment amplifier 40 is
a high gain amplifier such that any positive input will
generate an output having an upper limit, and any negative
input will generate an output having a lower limit.
Amplifier 40 converts the down converted signal to a discrete
signal having a value of A for all positive analog input and
a value of B for all negative analog input. An example of
the output of amplifier 40 is shown in Fig. 8.

Sampler 42 samples the discrete signal output from
amplifier 40 thereby providing a digital output sigﬁal.
Preferably, the sample rate and the period of IF IN in
limiter 26 are relatively prime integral digital multiples of
the symbol period. It is also preferred for the sample rate
to be relatively close to the frequency of IF IN at this
point, (although the sampling rate must be at least the
Nyguist ‘rate of the down converted signal). In a preferred
embodiment the sampling rate is approximately 19.2 MHz. It
is noted that the digital signal generated by limiter 26 does
not contain any information pertaining to the amplitude of
the IF IN £ignal (i.e., the magnitude of the received DQPSK
signal). Since the digital output represernts when down’ '
converted signal transitions from positive to negative and
negative to positive (zero crossing), information related to
the phase and frequency of the down converted signal can be
determined by demodulator 28, thereby permitting recovery of
the originally transmitted phase symbols which in turn
permits recovery of the original digital data.

As shown in Fig. 7, demodulator 28 includes phase
detector 44, automatic frequency controller (AFC) 46,
automatic timing recovery controller (ATRC) 48, data decoder
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error detector 148. The ABS early error detector 146 and the ABS | ate error
‘detector 148 preferably latch onto the -
27 - corrected phase and detern ne based on its val ue which of the

possi ble transmtted phases is closest to the value. The difference between
the closest transmt phase and the corrected phase value defines either the
early or late error. Since_the synchroni zed window is optimally
centered within a synbol interval to mnimze error associated with

50, unique word detector 52, and interface controller 54.
Processor 22 is coupled to demodulator module 28 via the
interface controller 54.

Phase detector 44 analyzes the digital signal
output from limiter 26 to generate estimates of the
instantaneous phase of IF IN during one or more time
intervals. The time intervals are optimally synchronized with
the symbol intervals of the received PSK signal where the
symbol rate is preferably 192 Xsps (thousands of symbols per
second). AFC 46 functions to generate frequency data based
on the instantaneous phase estimates, which fregquency data is
provided to processor 22 via data bus 56. The frequency data
is used by processor 22 to determine the frequency offset,
i.e., the frequency error of IF IN, and correct the phase of
the instantaneous phase_estimates genérated by phase detector
44. Correction of the phase estimates by processor 22 is
based on the frequency offset.

Corrected phase estimates generated by processor 22
are provided as an input to ATRC 48 and data decoder 50.

Data decoder 50 converts correct phase information into
symbols representing the bit sequence of the transmitted
digital data and provides a binary output to unigque word
detector 52. In a preferred embodiment, demodulator 28 is
capable of operating in at least two modes, a burst mode and
a continuous mode. In such an embodiment, phase detector 44
provides phase estimates at N times the symbol rate, where N
is an integer 1, 2, 3,... . -Phase detector 44 provides a
phase estimate over a predetermined number of samples,
defining a "window," where N different windows occur at the
symbol rate, i.e., within a symbol period or interval. It is
especially preferred for phase detector 44 to define N
overlapping windows for each symbol interval. In such an
embodiment, detector 44 coméutes an average phase for each
window resulting in the provision of N average phase
estimates per symbol period.

Fig. 9 graphically depicts the overlapping windows
per symbol interval concept. In this depiction four windows
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detecting, denodul ating, and decoding of the data transmtted, the early
error and the late error are optimally equal, i.e. indicating that the
synchroni zed wi ndow i s properly centered within the synbol interval
Therefore, the early error is subtracted by subtractor 150 fromthe |ate
error to provide a w ndow of fset error of the synchronized w ndow. The

w ndow of fset error is conpared to a ppsi+ive and negative threshold by
positive threshold detector 152 and by negative threshold detector 154. |f
t he wi ndovhaveskeerrdefinedgpent eymbhaninherpasdit i Zachhwéstoldhashan

posi i ve tRapsbobd Je! efhokyhBall DREEHTRLS CRbLYLGRUALEY A5Bnakl the window
offset error |s | ess than the_negative thresho en negatfve threshold
detect or 183L1RRF@neHt SOPRLECR0BREEY 144 of a symbolpnéptgrvasdft tEeudata has

been recei ypabdur ingefval ot ar@ashywioU] &fo 156 andebate aguabek, 158n@ut put
t he curreng val%gs oé their rgsgective counters, to ATRC S ft war e 144. The
val ue of the 3%t%  colitePYPEOLuBer Rired2f PEnPs He® VEIARSTHILESR X179 count er

by subtraceach 16pnaoll iheeresl|tregpdetieetpce betproyi deddbast Wpj ng,,

BCouMLat Ut wy' BEBISREGHMLAERbphRg " HelE 1RENREY YL 3
set of windows means, all the windows having the timing of
one of the windows W,, Wg, W, or W,.

To synchronize timing of demodulator 28 with IF IN,
the received signal, demodulator 28 determines which of the N
windows in each symbol interval is most centrally positioned,
i.e., W, in Fig. 9. This window is referred to as the
synchronizing window. 1In the burst mode, unique word
detector 52 detects the most centered of the N windows and
timing adjustment are made in relation to the selected
window. In the continuous mode, the timing and frequency
data generated by ATRC 48 and the AFC 46 is used to adjust
the phase error and adjust the timing, i.e. the timing and
frequency data are used to make adjustments to the
synchronizing window by delaying or advancing the samples of
that window.

Fig. 10 depicts synchronization in the continuous
mode. Window W, is shown to be nearly centered in a given
symbol interval. This window would be selected as the
synchronizing window, however, since it is desirable to
center the-synchronizing window, fine adjustments are made.
Centering the synchronizing window has the advantage of .
eliminating intersymbecl interference. To substantially
center window W, it must be delayed 2 samples as shown by the
dashed line W,,.

It will be appreciated from the above that the data
format employed in IF IN will preferably utilize a unique
word or preamble prior to any data fields. In the data
recovery process of demodulator 28, the unique word or
preamble utilized will be stored in processor 22. This

unique word will be provided by processor 22 to unique word
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the window timng error accunul ated therein to the threshold conparator
'164. Threshol d conparator 164 conpares the windowtinmng error to a
predeterm ned threshold. If the windowtimng error is greater than the

t hreshol d, ATRC software 144 conputes a nunber of sanples by which to

adj ust the window timng to nore accu gtgly center the synchronizing

w ndow. For exanpl e referring to the mﬁndOM/synboI tining di agr am

shown in Eb&ec%\%; %%sun%aftfaatqe\é% o3 5 4 X prow JW f¥a 48 woul d

determ ne that IS two sanp es ate an wou tlﬂ]ﬂg ad ust
si gnal cafdPRgrt BE PHESe COTTESPONULNT Fddihey WHEYWR Mo tand eFPyids®

sanpl es. this accumulation of bits to unique word detector 52. Unique
word detector 52 then correlates the accumulated sequence of
bits to the unigue word. Based on the results of the
correlation unique word, detector 52 will transmit a detect
signal to processor 22 and identify the synchronizing
windows. '

The ATRC 48 uses the corrected phase estimates from
the AFC 46 to generate timing data and provides this timing
data to the processor 22. The processor 22 uses the timing
data to adjust the timing of the phase estimates provided by
the phase detector 22 by delaying or advancing the digital
samples with respect to the phase estimates, i.e., advancing
or delaying the synchronizing window.

Consider now the components of demodulator 28 in
greater detail. It will be recalled that the digital signal
generated by the limiter 26, i.e. a signal composed of two
values either level A or level B, is provided to phase
detector 44. A preferred embodiment of phase detector 44 is
shown in Fig. 11. Phase detector 44 comprises an
instantaneous phase decoder 58 and an instantaneous phase
estimator 60. If differentially coded phase shift keying
(DPSK) is used for generating the transmit signal, phase
detector 44 should also include a differential detector 62.

Phase decoder 58 receives an input of digital
samples from limiter module 26 in Fig. 7 and compares each
digitél sample with the most previous sample. For example,
assume that the value A is "1" and the valué-“B" is "0". The
input to the phase decoder 58 will be a sequence of "1%s and
"0"s. Since there are only two possible values for the
input, there can be only four possible combinations of
consecutive digital data (i.e., 00, 01, 10, 11). Phase
decoder 58 functions to provide an output indicative of
whether there is a change in the consecutive values of the
signal received from limiter 26 and if a change has occurred
to identify that change in the data. 1In a preferred
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- 28 - The sum of counters 156 and 158 is al so proportional to
the variance of the phase. Consequently, this sumis useful as a |ock

i ndicator and a signal quality estimator. This sumis generated by adder
166 and passed through exponential filter 168. The output of filter 168 can
be used as an estimate of the long termsignal quality. The AFC
software 102 and ATRC software 144 arelé npl enented according to the
flowchart shown in Figures 22A and 22B. General purpose processor 22 in
Figure 7 iempe@imenbl yphasel decoder hes repergbest aceerdiing tapthe trukbative

of when a PaKss 1sstE8eiNefapfe SNOVWe ALy 202 (Note interface is not shown in
Figure 7). Processor 22, then waits for the end of the burst as shown at

204. The end of the burst co | rrupt or other signal
provi ded by the receiver to rocessory oy where efch burst |asts for a
known duration, calculating ' ' st woul d end based on
the tine it began and the kngwn input output

00 0

01 +1

10 -1

11 0

It should be readily understood that other decoding schemes
could be used to provide the same information.

A preferred embodiment of the instantaneous phase
decoder 58 is shown in Fig. 12. A sample delay 64, which
could comprise a simple register or buffer, serves to store
each sample until the next sample is received from the
limiter module. When the next sample is received the value
of the stored sample is subtracted from the value of the next
sample by subtractor 66. Thus when consecutive samples are.
the same, the decoded ocutput is a "0". When the next sample
changes from low to high the decoded ocutput is a "+1" and
from high to low the decoded output is a "-1" as indicated in
Table 1.

In a preferred embodiment, the output of decoder 58
will.comprise tvwo bits, B; and B, representative of the

. information shown in Table 2. Thus, By, will indicate whether
a transition occurred between the two most previous saﬁpiés
and B, will indicate what the transition was if one occurred.

TABLE 2
Bit Digital Explanation
Value
B, 1 transition
B, 0 no transition
B, 1 low to high
B, 0 high to low
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dur ati on. Foll owi ng the reception of a burst in the continuous
‘nmode, processor 22 reads the AFC counters and the ATRC counters as shown at
206. The frequency offset over the burst is calculated at 208 by
subtracting the values stored in the AFC positive counter fromthe val ue
stored in the negative counter. The friequency difference is then added to
an accunul ated frequency difference, if any, at 210. The accumul ated

frequency differencenstasoaneses pRasdet BEESHatdr vbi GhesStheebatplhityoget at
10, as shomnsa}at c12e 2 ccunul at ed fregugrrxlgy

i absol ute. val ue of the a
di ffer encd 1 Groatsiey héa%ett%eé?ﬁré%%? d‘ﬂé‘? ASLAHANE AT RAFF it
det er mi nesedesitvest signakcumf g edl i is ea efwrct sopakiblock odiaggani ve at
214. 1f it RRMAA rEAUENEY LTSt fiSe n
sanpl e. Sitr{icez I n aédélﬁée%aﬁrte%o% I ment t%zg ésghpl'gﬁ?a%{%nglgfgp%&and t he
nunber of dfGRASS Sferis\hunrtessreriml £ issBadetenminbpy cthecrkaehetaoul d be
equi val entyd)Qed JHREHIENE Yok dist S + OABS - BBsciKHES ( 1wre MHEAS4decdled Ne

accunul ated di fference is n%gatlve t he frequenqg of fset |s decrenmented by 1
sanpl e or gg%gg; §q§§Fs thHat there has been transition, i.e. By=1,

block 70 provides an output of "0" when the edge is rising,
i.e., By=1, and provides an output of "7 when the edge is
falling, i.e., B,=0.

As descr;bed above, traditional PSK demodulators
will detect zero-crossings of the received PSK signal and
determine whether the signal is rising or falling at each
zero-crossing. The zero-crossing locations are compared with
those of a reference signal having the same frequency as the
received PSK signal. To eliminate the use of a reference
signal and the associated complex and costly hardware
required to produce the signal, a phase ramp generator 72 is
used to provide an instantaneous phase estimate as a function
of time. '

_ Phase ramp generator 72 provides a ramp signal
having a period equiﬁalént to the length of the window
interval. For each set of consecutive samples, the output of
block 70 , i.e., the value "0" or "w", is added to the
current value of the ramp signal by adder 72 depending upon
whether the edge of the limiter signal is rising or falling,

. respectively. The resulting sum is the instantaneous phase
estimate. When a transition occurs betwee; two consecutive
samples, ABS block 68 provides an output of "1%. When there
is no transition between two consecutive samples, i.e. B;=0,
ABS block 68 provides a "0". The output of ABS block 68 is
multiplied in multiplier 74 by the output of adder 73, i.e.,
the instantaneous phase estiﬁate. In this manner, the output
~from the phase estimator is effectively cancelled when there
has been no transition.

Each instantaneous phase estimate is provided from
multiplier 74 to averager 76. Averager 76 has a timing input
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- 29 - preferred enbodinent. After the frequency offset is adjusted at
‘either 216 or 218, the accunul ated frequency difference is cleared to zero
at 220. The frequency offset is then output fromthe processor 22 to the
AFC and ATRC hardware as descri bed above. The ATRC software is
executed according to steps 224 to 23i in Figure 22B. The timng offset is
determ ned at 224 by subtracting the FrC early counter fromthe ATRC

78, SYMBOL TIMING signal, which is used by averager 76 to
accumulate the instantaneous phase estimates over each
predetermined window interval and provide an averaged phase
estimate for each'window interval. The SYMBOL TIMING
signal 78 is generated by processor 22 and provides a signal
having a clock rate equal to the symbol rate.

If the transmitted signal is differentially
encoded, then phase detector 44 will preferably include a
differential detector 62. A block diagram of differential
detector 62 is shown in Fig. 14. It is assumed that four
overlapping windows are used per symbol periocd or interval as
shown in Fig. 9. Each average phase estimate butput.from
averager 76 is subtracted from the 4th subsequent average
phase estimate by subtractor 80 to determine the average
differential phase shift from consecutive corresponding
windows.

In other words, an average phase estimate is
determined over each of the windows W,, W;, W., and W, during
each symbol interval. The average phase estimate generated
for window W, during the time interval t; to t, is delayed by.
symbol delay block 82 shown in Fig. 14 until the average
phase estimate generated during the interval t, to t, is
provided by averager 76. The average phase estimate from the
interval t; to t, is then subtracted from the average
estimate from interval t, to t, by subtractor 80, resulting
in an average differential phase between the symbols ¢; and
¢,. The symbol delay block 82, therefore, must store the -
averaged estimates, for example in a series of storage
registers, for each of the 4 windows and provide an output
for each avefaged estimate so that it is subtracted with the
next average estimate of the corresponding window, i.e., in
this example the subsegquent @th window.

Since in QPSK, the symbols are selected such that
one symbol correspconds to a phase between 0° and 80°, a
second corresponds to a phase between 90° and 180°, a third
corresponds to a phase between 180° and 270°, and the fourth

corresponds  to a phase between 270° and 360°, the
This is the replacement sheet
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late counter. The timng offset for each burst is then accunul ated at 226.
The absol ute value of the accunulated timng offset is conpared to a

predeterm ned threshold at 228, which is preferably set to 4.

If the

absol ute value of the accunulated timng offset is greater than 4, then the
wi ndow synchroni zation requires an adpgstnment. This adjustnment is

I npl ement ed by processor 22 by increnenting the processor's bit timng
mechani s minisdaaiha reeiusy iphe steh @ sEXMAE0 rTIdd NG s fipnrad n tailet Ip ide e xprex essor

22 whent t ti f tqiS sRQSi L] Q
at 530 and 5ol Gy S0 heL bR RS ST B

Acﬂ:rﬁl re 22

S negati ve,

the proceds@r' ¢%it timing clock is decremented (shown at 230 and 232) to
advance the SYMBOL PHIMNGSUAEY QHtidIti {11018 DI ACESEOr 20 After an

adj ustnent_ to,the . biit timng clock has been inplenented, the
timng ofF?&Fq %GP&é
bit tin ngicdosk stardauisigmnaflr,oh.iehg ABRAtEY tawane it ialiwach

accunul at ed

P’e&tatt%%@eglnnlng o fTieR iy UM IR PR ¥hPYrdocessor ' s

dourgds I f no

ad) ust ten, s LS Led a8 delgrmned al 238 qy2er0 I, UPY, A, 238 I

the bit timng s

incremented on each clock signal f, which corresponds

preferably to the sampling rate of limiter 26.
Processor 86 is adapted to function as an

counter for counting out five edges. While the edg

less than or equal to five, processor 86 provides a

edge
e count is
logic

high output to AND gate 88. Each time a transition is

detected, i.e., Bs;=1, the output of the AND gate 88
become logic high thereby enabling accumulator 90.
edge count exceeds five, the output of processor 86

will
When the
to AND

gate 88 will become logic low thereby disabling accumulator

90. Accordingly, each time an edge is detected as

indicated

by the DETECT signal, i.e., bit B, of output of phase decoder

58, accumulator 90 inputs the current value of the
counter 84 and accumulates these values until five

phase
edges have

been detected by processor 86, whereupon accumulator 90 is

disabled.

It is noted that if the frequency of the baseband

signal was such that only five transitions could oc

cur during

one fourth _of a window interval, processor 86 and gate 88

g would not be required to enable/disable accumulator 90

because the contents of the accumulator could be outpﬁt at

the beginning of each quarter symbol interval.

The accumulated counter values are preferably

ocutput to delay member 952 and to adder 94. The accumulation

of counter values for every two consecutive 1/4 symbol

periods are added by adder 94 resulting in a phase
each window.

value for

When DPSK is used, each phase value is subtracted

from the next phase value corresponding to the same window

(e.g., W,, Wg, W, or W;). Accordingly, the difference between

This is the replacement sieel
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decrenented as determ ned at 230 through 234, the appropriate adjustnent is
out put at 238. As indicated previously, data detector 50 converts
the corrected phase into its correspondi ng binary synbol representation.

Bef ore a synchroni zi ng wi ndow has been identified, a nunber of synbols are
accunul ated to forma sequence of binary data to be conpared to the unique
word by unique word detector 52. Sirceothke synbol boundaries are not known

a priori, sequences nust be generated corresponding to
- 30 - any two phase values should not exceed a number corresponding

to 360°. Such an operation is effectively achieved by
differential decoder 96 and format converter 98.
Differential decoder 96 generates an average differential
estimate and converter 98 converts the average differential
estimates into a data format representative of the gquadrant
of the differential phase, the sign of any error and the
amount of any error. In order to more fully appreciate the
operation of differential decoder 96 and converter 98,
certain phase shift events associated with demodulator 28
need be considered.

The range of accumulator 90 for a full 360° phase
shift was computed by examining the maximum difference in
accumulations that result in the same phase estimate. As
shown by the top waveform in Fig. 16, a first detected edge
rises exactly on count zero of the given window period. This
particular detection will provide an accumulaﬁion sum of
eighty two (0+8+16+25+33 provided by counter 84) in
accumulator 90. If the rising edge occurs an infinitesimal
time before count zero, as shown in the lower wave form, the
first detected edge falls on count 8 of counter 84 and gives
an accumulation sum of one hundred twenty three
'(8+16+25+33+42). To make these accumulation sums equal, an
offset of forty two (42) needs to be added to the first sum.
In the context of the preferred embodiment, such an offset
corresponds to adding a phase shift of m radians. Therefore,
a 2w or 360° phase shift is eighty four (84) counts apart.
Consequently, the accumulated counter values in accumulator
90 can be used to generate information indicating what phase
quadrant the received PSK signal falls within and the amount
of error, if any, ‘associated with the received PSK signal.

For example, consider the sequence of digital data
shown in Fig. 17 and assume that counter 84 is counting at
the sampling rate of sampler 42, i.e., the pulse rate of
clock f, equals the sampling rate. If this data is output
from limiter module 26 and the first bit corresponds to a

window boundary, five transitions occur at counter values of
Thig s Hs replecemsn! sheel

@
31 JAN 1997

e - .
ate



each of the wi ndows. For exanple, referring to Fig. 9, if [err] = [err]/4,

‘[err]= -[err]/4, J[err] = - 3[err]/4, and [err] = 3[err]/4, then the
respective synbols can be "00", "10", "11", and "O0l1" resulting in a binary
sequence of "00101101". Since each window Werr], Werr], Werr],
and Werr], is used to conpute the phase -estimate of the received PSK

signal, a seruence of binary data would be generated for each wi ndow. Due
to intersynpai e 8 noed 96 YrddPe PNDSELLST | TRE €Suh! 6N €RESe Wi DdaW VA
woul d be Iikq%y éo.be decoded. ccubgtely. Therefore, data decoder 50 nust
decode eadh'piase %%t?+ﬁﬁ%yaﬁﬁg$$o B 2 ARTRACENDE HAiR 2{BPvalent in

| engt h t o edrrespands oo dihé esgmbol ¢ handnitdnee bimrichchast 3vindolwy wnth two
bits per ol | s [ | e q.d C 52.
Fur hor morar a1 e (e e e Safh a0 ey B CalP B CEh e hRle e
recei ved thet sBfRMtelMigTVak bihveincetheyf bret shabb| of of JeacHrofvie of

W ndows. hiedd S SH\GRp bR, (ABASLWENESud SR04 gq deSsetRer ahave data
decoder 50 woul tégglscmt éehe ‘];OJ[&eO;NI Pgrtgoér?el ugnguebword deetggigrtcl)n t he
order |istdfumula ocunter va / ymbol irmter
arrive at an average phase estimate of one hundred and ninety
six (196). '

Differential decoder %6 (Fig. 15) would then
subtract one hundred ninety six (196) from the average phase
estimate of previous symbol ¢, corresponding to the timing of
W,. If the average phase estimate for ¢, corresponding to W,
was two hundred eighty (280), then the difference between
symbols ¢, and ¢, would be eighty four or 27. Since the
sampling rate of sampler 42 is preferably 19.2 Mhz, there are
approximately 16.67 samples per cycle of a 1.152 Mhz baseband
data signal and since accumulator 90 is disabled every five
(5) transitions, ten (10) transitions (5 from each half
window) would reguire approximately eighty four (84) samples.
Thus phase counter 84 must be incremented from 0 to 41 each
half window period.

Since each average phase estimate is subtracted
from the most previous average phase estimate corresponding
to the same set of windows, it should not be necessary to add
7 for each falling edge, i.e. when B; is 0, as described
prevfously. If the first edge is rising, then the sequencge-
of edges will be rising, falling, rising, fﬁlling, riéing.
Theoretically, 7 should be added only two times, once for
each falling edge. If the first edge is falling, then the
sequence of five edges will be falling, rising, falling,
rising, falling, and 37 should be added to the accumulated
counter values. Since these are the only scenarios for five
consecutive edges, at least 27 will be cancelled when one
accumulated value is subtracted from a previous one by
differential decoder 96. Consequently, it is not necessary
to add 7 for each falling edge.
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Werr] = 001011 (assum ng negligible intersynbol

‘interference and noi se) Werr] = 001011 (assum ng negligible
noi se) Werr] = 001011 (assum ng negligible intersynbol

i nterference and noi se) Werr] = ?????? (on synbol boundary)
Werr] = 101101 (assuning negql iyg kl e intersynbol

I nterference and noi se) Werr = 101101 (assum ng negligible
noi se) Wgbhéver, “wherd0d381afassmilh8eanesuingiel! @ailaker synbol
interference and n |seg . _Vger r% = 29?7?77 gog Séﬁbgl boundary)
Werr] COXrespapfs to a transitgon Seguenste (avineddi §24L¢88: brﬁg uni que

word det esdge SPronl yndlatice f et hecoymehs oad zeagnuendoaliue decoded. The
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bl ock di agriam unt ¢
170 receiedge artheapiif Héréncaryetiaesn f thven ted aadevndéated gAUNERE

predet er g e 4N, OLE ¥98fain a constant bias of n. Thus, in a

A
rrel at or

praferred implementation, a value of forty two (42),
corresponding to w, is added to the average phase estimate,
if the corresponding transition sequence begins with a
falling edge. This feature, may be implemented as shown in
Fig, 15, by processor 86 providing an output of forty two
(42) to adder 94 in the event that the first detected
transition is a falling edge.

The difference between avefagé phase estimates
corresponding to consecutive windows in a set of windows is
used to determine the phase quadrant of the PSK signal from
one symbol to the next. The gquadrants may be defined
according to Table 3 below.

TABLE 3
Diff Quadrant Symbol
Doy TP #
0-20 1 00
21-41 2 01
;2—62 3 11
63~-83 4 10

Therefore, if the difference between the average phase
estimates for symbols ¢, and ¢, corresponding to window W, is
twenty four (24), then the average differential phase
represented by ¢, would be in the second gquadrant, i.e. the
bit sequence "01". _

In a further preferred embodiment, the phase of the
transmitted signal is centrally positioned in each quadrant,
;:e., at 10, 31, 52 and 73. Thus a differential phase of
'Eaenty four (24) is seven (7) below the second guadrant phase
value. In this embodiment format converter 98 can convert

. e el
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from processor 22. Correlator 170 perforns a synbol to synbol conparison of
the synbol sequence of the decoded data

- 31 - to the synbols of the unique word. For instance if the unique word
contained 3 synmbols, "10", "11" and "01", using the exanple above, w ndow
VWA woul d match with a 1:1 correlation (i.e. all three synbols match) to the
uni que word. Assuming data fromw ndo®S Werr] and Werr] would be effected
by intersynbol interference thejr respective correlations may be degraded

(i.e. the MBSO RIGfareifolastiatrs into a data format

representative of the quadrant of the differential phase, the
sign of the error and the amount of the error.

The quadrant and octant (i.e. sign of the error)
are depicted graphically in Fig. 18. The quadrants have been
subdivided into octants. For example, where the average
diyferential phase estimate is twenty four (24) as in the
example described above, the output of format converter 98
would be 0110111. The first two bits "01" indicating the
second quadrant. The third bit "i" indicates that the error
is within the first octant of the second quadrant as shown in
Fig. 18 and the four remaining bits "0111" indicate that the
error is seven (7) or approximately 30°. In the preferred
embodiment, each count represents approximately -4.3°.

In a further preferred embodiment processor 86
computes the difference between the counter values
corresponding to the third and fourth detected edges. The
computed difference and the counter value corresponding to
the fourth edge are stored in the memory of processor 86. If
a fifth edge is not detected by the edge counter portion of .
processor 86 at or before count eighty four (84), the
computed difference is added to the fourth counter value and
this interpolated value is provided to adder 94. Therefore,
if the fifth edge is not detected, then the phase estimator
can interpolate for that edge to generate an average phase
estimate.

As indicated in Fig. 7 the average phase estimate
or average differential phase estimates are output from the
phase detector 44 to AFC 46. A detailed block diagram of AFC
46 is shown in Figure 19. AFC 46 includes both hardware
designated generally as 100 and software designated generally
as 102. Preferably, AFC software 102 will reside in
processor 22. As described-previously, the frequency data
generated by AFC 46 is processed by and stored in processor
22 during each time period when the receiver 20 is operating
in a continuous mode and after the unique word has been

detected. Processor 22 uses this data to determine the
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reduced to only 1 or 2). Uni que word detector 52 uses a threshold
conmparator 172 that conpares the number of matching synbols to a
predeterm ned threshold and defines a neasure of correlation between the
sequence and the unique word. |If the nunber of matches is greater than or
equal to the threshold, then detect logic 174 will generate a detection
signal. As indicated above, it is pos€ile that nore than one of the

wi ndows wéﬁ éHOVIde sequences t hat exceed t he threshold when a uni que word

is receive A PrEtety S BTN Te I LI Rldeierantedt t pf ekl Ber s

adJustam<@0dwﬁe|2ﬁnduuxng\e&nnwummﬁﬁuwlﬁﬁbﬁianlnln1Z€ probability of false

al arm and maxi m ze I, t et ect

Sel ection of the bé@?gme Mlléya%%g%%g shed ?ﬁe nPﬁuﬁ¥€D?8%g§?58t69252 by

addi ng t hétcGIaatinn faaduenay store hsowltis eadded dng esdder g106

sequences RORADAE M Qi Micrdd oA rdse ARG fz[cg\l%décs) ggy her 1o
addi g The ver

forma cumyl ati ve cor re atlon val ue. nex nati on

of three FORSEASTRERMdR s @i %ﬂon W%ﬁ"%ljtsalfma/\[@RIHCtQﬁform
anot her cymasat iarel (mr]rlell:&t ol id ndiee LAWY below. The

corrected phase is provided as an input to ATRC 48 and data
decoder 50.

The corrected phase is also provided to phase error
detection circuit 108. A symbol timing input is provided by
processor 22 to phase error detection circuit 108. The
symbol timing is used to select those corrected phase inputs
that correspond to the synchronizing window identified by
unique word detector 52 after detecting the unique word, e.g.
those corrected phase inputs corresponding to window W,.

Phase error detector 108 stores the corrected phase
of the selected window and compares each phase to the
possible transmitted symbols. For instance in a w/4 QPSK
modulation system, the set of transmitted symbols may include
45°, 135°, 225°, and 315°. Thus if the corrected phase of
the selected window is 35°, phase error detector 108 would
identify the 45° transmit phase as the closest phase and
calculate the difference to be -10°.

Positive and negative threshold detectors 110 and
112 determine whether the calculated difference between the
corxrected ghase and the selected transmit phase is greater
than a predetermined positive threshold or less than a
predetermined negative threshold, respectively. 1In the
preferred embodiment, the threshold for each detector 110 and
112 is 2 and -2, respectively and correspond to roughly
* 8.6°. 1If the phase error is greater than the positive
threshold, then positive counter 114 is incremented. If the
phase error is less than the negative threshold, then the
negative counter 116 is incremented. At the end of each
slot, (in the preferred embodiment each burst includes five
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cunul ative correlation value is less than the first, then the first
cunul ative correlation value corresponds to the w ndow bei ng nost
centralized with respect to the synbol boundaries and the second of the
t hree wi ndows shoul d be designated as the synchronizing w ndow.

This process is inplenented in unique word detector 52 by del ayi ng each
measure of correlation (i.e. nunber?ﬁzﬁmﬁches) determ ned by the

cxanpl o snbuh T roEs bufnb ot Shr8ads SELoRHRER Sut intteua0raste duhenk: sa
every 1/4 AEGhepftware 102 for processing.

Since frequency is related to phase by the
following relationship:

f(t) = de(t)/dt (8)
where f(t) is a function of the frequency of the PSK signal
and ¢(t) is a function of the phase of the PSK signal. Then
the frequency error can be determined by the following

equation:
Af = ¢ (t ) - ¢ (t)
Cmr = %
where t,,, - t, is the slot period, Af is the frequency offset

during that interval, and ¢.(t,) is the phase error at those
respective times. Therefore, the frequency offset of the
received signal can be easily calculated at the end of each
slot by subtracting the negative phase error maintained by
negative counter 116 from the positive phase error maintained
by .positive counter 114. If the frequency remained constant,
as it would in an ideal world, the phase error of the signal
during the slot period should remain constant. Therefore

P (twy) = @(t,) = 0. Since the fréquency does drift due to
noise and other factors Af represents the average offset
frequency over each slot interval.

At the end of each slot frequency accumulator 118
is updated with cumulative phase error determined in
subtractor-120 (i.e., the value of the positive counter 85
minus the value of the negative counter 86). The updated-
accumulated phase error is then compared to a predetermined
threshold at 122. However, it is not necessary to make such
a comparison after each slot, rather the cumulative phase
error from several slots may be accumulated prior to
comparing the value to the threshold. If the accumulated
phase error is larger than the threshold, a new offset
frequency is generated at 104 and stored by processor 22.
The new offset frequency is then used to correct the phase
error of the phase estimates input to AFC 46. The sum of
counters 114 and 116 is proportional to the variance of the

i P HPR i [y -ty B 3
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-.32 - period corresponding to the four wi ndows. Accordingly, a sequence
of binary data would be provided to the unique word detector at a rate of 4
times the synbol interval. Thus each neasure of correlation should be

del ayed for 1/4 synbol tinme by delay 176 and then del ayed a second 1/4 of a
synbol time by delay 178. The curreq;2g§Q§ure of correlation, and the
nmeasures delayed 1/4 and 1/2 synbol ti“mes are added together by adder 180

resultingd cu | el at i | pe. ugul gt c Lan
I e e Vi A e S R it
conpar ed Ah & HEt gk Quabl &Y i et beater at i Bhigasue by EBRPEARESrPY84. Wen

a subsequesddertiny Atdrke g ded %ﬂﬁhéﬂﬁ'éb@?éﬁezlx@ﬁ&ltPﬁﬂtéi‘el@SQVi PHE One,
detect logic 174 als rovi des an

and t he uni que wor as._ been detected,

out put i ncﬂ@é‘l%f%@ht% Mdotv F3N tPR ¥R M BnR3 | ﬁﬁtWﬁﬁﬁmPgPEBEeégﬁﬁ 22

uses this dexfrorsigiricdn qua Xty y ol the denodul ator timng, i.e., SYMBOL

TI M NG si gnal utilifed byeAFC 46, . ATRC £8 ana dgha d%gggerA§g.hggd3gggld be

understood that the %b%@e-ﬁ%%%f?bb% Bﬁ% SFT6hH & Pﬁé '
100 (excluding adder 106 and phase error detector 108) is
implemented according to the block diagram shown in Fig. 20.
Corrected phase error bits output from phase error detector
108 are provided as an input to threshold detector 130.
Preferably, the threshold is set at two (2). If the phase
error is greater than two, threshold detector 130 outputs a
logic high signal and if the phase error is less than two
threshold detector 130 outputs a logic low signal. The bit
(the 3rd bit output by converter 98) indicating which octant
of the identified guadrant the error falls within is input to
AND gates 132 and 134. When the phase error exceeds the
threshold and the phase error was in the first octant, i.e.
sign bit is a "1", then the output of the AND gate 132 will
increment late counter 136. However, when the phase error is
in the second octant, i.e. sign bit = "0", it is inverted at
input 138 to AND gate 134. AND gate 134 thereafter provides
an output to increment the early counter 140.

As indicated previously, a corrected phase is
output from AFC 46 to ATRC 48 corresponding to each window
interval. A functional block diagram of ATRC 48 is shown in
Figure 21. ATRC 48 is shown to include hardware 142 and
software 144. Since ATRC 48 begins tracking the timing after
the unique word has been detected, a window before the
synchronizing window and a window after the synchronizing
window can be identified.

The corrected phase from one window before the
synchronizing window is input to the absolute (ABS) early
error detector 146 and the corrected phase from one window
following the synchronizing window is input to the ABS late
error detector 148. The ABS early error detector 146 and the
ABS late error detector 148 preferably latch onto the

Fiale i e rembe PR S,
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uni que word detector could be inplenmented in software as well.

VWhil e the invention has been described and illustrated with reference to
speci fic enbodi nments, those skilled in the art will recogni ze that

nodi fications and variations may be made w thout departing fromthe
principles of the invention as desc[qup_pereinabove and set forth in the
foll ow ng cl ai ns.

33 corrected phase and determine based 5%A$@§ value which of the
possible transmitted phases is closest to the value. The
difference between the closest transmit phase and the
corrected phase value defines either the early or late error.

Since the synchronized window is optimally centered
within a éymbol interval to minimize error associated with
detecting, demodulating, and decoding of the data
transmitted, the early error and the late error are optimally
equal, i.e. indicating that the synchronized window is
properly centered within the symbel interval. Therefore, the
early error is subtracted by subtractor 150 from the late
error to provide a window offset error of the synchronized
window. The window offset error is compared to a positive
and negative threshold by positive threshold detector 152 and
by negative threshold detector 154. If the window offset
error is greater than the positive threshold, then positive
threshold detector 152 increments early counter 156. If the
window offset error is less than the negative threshold then
negative threshold detector 154 increments late counter 158.

When all of the data has been received during a
slot, early counter 156 and late counter 158 output the
current values of their respective counters to ATRC software
144. The value of the late counter is subtracted from the
value of the early counter by subtractor 160 and the
resulting difference is provided to timing accumulator 162.
Timing actumulator 162 during several slots of data provides
the window timing error accumulated therein to the threshold
comparator 164. Threshold comparator 164 compares the window
timing error to a predetermined threshold. If the window
timing error is greater than the threshold, ATRC software 144
computes a number of samples by which to adjust the window
timing to more accurately center the synchronizing window.

For example referring to the window symbol timing
diagram shown in Fig. 10, assume that W, is the synchronizing
window. ATRC 48 would determine that W, is two samples late
and would provide a timing adjust signal causing the phase

detector 44 to delay the window timing by two samples.
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1. In a digital conmunications systemhaving a transmtter for
transmtting information in the formof an anal og phase shift keyed (PSK)
signal and a receiver for receiving said PSK signal, said PSK signal having
anplitude, frequency, and phase characteristics mherein at | east sone of
sai d phase characteristics are related to the information so transmtted, a
denodul at or conpri si ng: a phasé8det ect or receiving an input of
digital data representative of said anal og PSK signal so received and

provi di ng successi Vi@RPutY reptdsst % b?és’e‘s eat$%mtes of said PSK

si gnal ba@edp@ﬁrttiroauaai tticothe Waialadxc@ Qift adhedqirﬁ;sea.nd Consequenttdiat a decoder
havi ng an ut coupled t 0 sald p s detect&r to receive a% 4n§lsa|d

phase esti &% a7 PSS df?csoge OESN P RY Faidd b itast B R phase
dat a i ndi e:sttumt@&' saiTth itsr ssweniitst gdznierrfam%thyoradderz 166 a‘lﬂtb pessaetl| at or of
claim1l, Lgi:t.al C ris a Al é§¥n3 uped
I nto overl p ﬁrﬁ %ﬁh’% %ng:ltaei fqﬁttb(?t \a’/e@e%n cgﬁlseog‘{lve séaf?/rp €s eflf’ﬁalsnc‘ger
sanpl i ng perm&@d ﬁﬁea@em§&ﬂm%ﬂ9'OﬁuﬁmwedQﬂmnﬁanmlﬁ}gnal quality.

The AFC software 102 and ATRC software 144 are
implemented according to the flowchart shown in Figures 22A
and 22B. General purpose processor 22 in Figure 7 is
preferably coupled toc the receiver to receive inputs
indicative of when a burst is received as shown at 202 (note
interface is not shown in Figure 7). Processor 22, then
waits for the end of the burst as shown at 204. The end of
the burst could be determined by interrupt or other signal
provided by the receiver to processor 22, or where each burst
lasts for a known duration, calculating the time at which the
burst would end based on the time it began and the known
duration.

Following the reception of a burst in the
continuous mode, processor 22 reads the AFC counters and the
ATRC counters as shown at 206. The frequency offset over the
burst is calculated at 208 by subtracting the values stored
in the AFC positive counter from the value stored in the
negative counter. The frequency difference is then added to
an accumulated frequency difference, if any, at 210. The
accunulated frequency difference is compared to a threshold,
which is p;eferably set at 10, as shown at 212. If the
absolute value of the accumulated fregquency difference is’
greater than the threshold at 212, then AFC software
determines whether the accumulated difference is positive or
negative at 214. If it is positive then the frequency offset
is incremented by 1 sample. Since in a preferred embodiment
the sample rate is 19.2 MHz and the number of samples per
symbol interval is 84, a 1 sample increment would be
equivalent to a frequency adjustment of 2.285 KHz (19.2
MHz/84). If the accumulated difference is negative the
freguency offset is decremented by 1 sample or 2.285 KHz in a
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a timng recovery controller coupled to said phase detector and having an
input related to said phase estimtes and operable to provide an out put
representative of an anount to adjust said wi ndows by one of i) advancing
said wi ndows at |east one sanpling period and ii) delaying said w ndows by
at | east one sanpling period. 3. The denodul ator of claim1, further
conprising a frequency controller havieg®g=-an i nput coupled to said phase
detector for acceptln sai d phase esti mates and provi di ng an out

repr esent & eferged, - forthe forrAURPeYy ehbktehhbsea E‘#ﬂ'ﬁ%‘@e
i nput ther@t @ithet 216 Bie ﬂ@maﬂ@tﬁcmuﬁ@édn&eqm i 58 & et t B4

W ndows. © £ SRR BT e AN v e SR B s%l{oé’re%e”f?ﬁ iy
denDdulatdhrmunﬁhemnnmqmsdﬂIK? to the AFC and ATRC hardware as
described above.

The ATRC software is executed according to steps
224 to 238 in Figure 22B. The timing offset is .determined
at 224 by subtracting the ATRC early counter from the ATRC
late counter. The timing offset for each burst is then
accumuléted at 226. The absolute value of the accumulated
timing offset is compared to a predetermined threshold at
228, which is preferably set to 4. If the absolute value of
the accumulated timing offset is greater than 4, then the
window synchronization requires an adjustment. This
adjustment is implemented by processof 22 by incrementing the
processor’s bit timing mechanism thereby delaying the SYMBOL
TIMING signal output from processor 22 whenever the
accumulated timing offset is positive (shown in Figure 22 at
230 and 234). Similarly if the accumulated timing offset is
negative, the processor’s bit timing clock is decremented
(shown at 230 and 232) to advance the SYMBOL TIMING signal
output from processor 22. After an adjustment to the bit
timing clock has been implemented, the accumulated timing
offset is cleared at 236.

The adjustment to the processor’s bit timing clock
is output™from the ATRC software after each burst. If no
adjustment is required as determined at 228, a zero is output
at 238. If the bit timing is to be incremented or ‘
decremented as determined at 230 through 234, the appropriate
adjustment is ocutput at 238. '

As indicated previously, data detector S0 converts
the corrected phase into its corresponding binary symbol
representation. Before a syhchronizing window has been
identified, a number of symbols are accumulated to form a
sequence of binary data to be compared to the unique word by
unique word detector 52. Since the symbol boundaries are not

known a priori, sequences must be generated corresponding to

Lt 3 % ST [, " s o g,
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34 a timng recovery controller coupled to said frequency
controller and having an input of said corrected phase estimtes received
during each wi ndow and providi ng an out put representative of an anount to
adj ust said windows by one of i) advancing said wi ndows at |east one
sanpling period and ii) delaying said windows by at |east one sanpling

peri od. 5. The denodul at or of ¢l &0m—4, wherein, said PSK signal

conpri ses a. known sequence of data defining a unique word, said denodul ator
further cAffit $hgthe windows. ynfueeXanplelet e@f ¥ hagi kg BaIi nPut 1f oo

recei ving =saf 4 phgse dat/a,, @gi 4 umi guye g\ﬁad,,}de,t et of, "Bk motlge det er m nati on
that said unique word has ﬁ;en det ect ed based on, sajd g&gsg data and
i denti fyi fiF P H OF i ¢n Uhich & d Uht quer¥rd®ts so detect ed

and defi nirgsshi thgein od i matopvss epueryde s Ot @0 D1 10 nows and furt her _
Gat a decoder bei g THPERcr>ShuptBE0Y PR ndainfeuc orh dao e (9 r ecei ve
sai d out puronpiete i fhe rphase cesyimgtom i the weckined sBFd sagnadecader
provi di ng a0 it O S A PIASE would be generated for each window.
Due to intersymbol interference, only the phase estimates
from each window W, would be likely to be decoded accurately.
Therefore, data decoder 50 must decode each phase estimate
and provide a seguence of data equivalent in length to the
unique word, (e.g. if the unique word has 3 symbols with two
bits per symbol, then the length is 6 bits) to unigque word
detector 52. Furthermore, since it is not known a priori
when the unique word has been received the sequence must be
advanced by one symbol for each of the N winddéws. For
instance using the sequence of symbols described above data
decoder 50 would transmit the following to the unique word
detector in the order listed:
W

8 001011 (assuming negligible intersymbol
interference and noise)

001011 (assuming negligible noise)
001011 (assuming negligible intersymbol
interference and noise)

2?2?2222 (on symbol boundary)

101101 (assuming negligible intersymbol
interference and noise)

101101 (assuming negligible noise)
101101 (assuming negligible intersymbol
interference and noise)

2272?22 (on symbol boundary)

N

>

1
éﬂéﬂi SE;E
| (]
n
[
(&)
-t

After the unique word is detected by unique word
detector 52 only data from the synchronizing window is
decoded. The decoded data is then output to processor 22 for
data processing.

A block diagram of unique word detector 52 is shown
in Fiqure 23. Correlator 170 receives an input of binary
data from data decoder 50 and the predetermined unique word
from processor 22. Correlator 170 performs a symbol to

symbol comparison of the symbol sequence of the decoded data
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data associated with said synchronizing w ndows. 6. The denodul at or of
claim1, wherein said PSK signal conprises a known sequence of data formng
a uni que word, the denodul ator further conprising: a uni que word
detector coupled to said data decoder and having an input for receiving
sai d phase data, said unique word detegtar nmaking a determ nation that said
uni que word has been detected based on said phase data and providing an

out put represtméi sgmbdbs safiethe GniqueT\h@rdienofiui-amstaﬁcal a'fm:ﬂ;e wher ei n

d d f di . | h
sl o haviibTad B fe BRAEE P Ba SR AEGL ) FHEFEPEMIF Sud' bR TBi B ever

sanpl e haV|ng a varue agl hi g
t he phase tkeecexanrptenphrove ngvindow W, awouldstmaticmeditsh Ehakel decoder havi ng

an i nput ofosAbtheishtal, Qat@nsameé POCRUECRNass EREOHRgHE! er i ni ng

if a tranS|t|on bet ween consecutive digital sanples’ has occurred such that

one of 1) $PedsAPFening @2t fromsebrievsdWapiand é‘bl Honilgh beeg&if egfgda
subsequentpbyli tht@i's?xﬁw1 eiNeEr feN¥She€ EN8DF RbEFe ¥t i eSabdrbodrligns! napd 2)

one sanplebgagegra aSSPCéﬁéeﬁuX%ép of matching symbols .may be

reduced to only 1 or 2).

Unique word detector 52 uses a threshold comparator
172 that compares the number of matching symbols to a
predetermined threshold and defines a measure of correlation
between the sequence and the unique word. If the number of
matches is greater than or equal to the threshold, then
detect logic 174 will generate a detection signal. As
indicated above, it is possible that more than one of the
windows will provide sequences that exceed the threshold when
a unique word is received. In a preferred embodiment, the
predetermined threshold is adjustable, for instance, via
processor 22 to minimize probability of false alarm and
maximize the probability of detection as is well known.

Selection of the best window is accomplished in
unique word detector 52 by adding the correlation results of
three consecutive sequences (e.g. sequences corresponding to
windows W;, W,, and W.) together to form a cumulative
correlation value. Then adding the very next combination of

three consecutive windows (e.g. W, W ana W;) to form

cr
another cumulative correlation value. If the second
cumulative correlation value is less than the first, then the
first cumulative correlation value corresponds to the window
being most centralized with respect to the symbol boundaries
and the second of the three windows should be designated as
the synchronizing window. '

This process is implemented in unique word detector
52 by delaying each measure of correlation (i.e. number of
matches) determined by the correlator 170 for two intervals.
For example, using the four window example shown in Figure 9,

an average phase estimate would be generated every 1/4 symbol
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said | ow | evel and a subsequent digital sanple has a value associated with
said high level, and providing a decoded out put representative of at |east
said transitions so detern ned; and an i nstantaneous phase
estimator having an i nput coupled to said instantaneous phase decoder to
recei ve said decoded output, said instantaneous phase estimator providing
an output representative of an avenggg%phase estimate based on said

transitions. 8 The denodul at or claim 7, wherein said PSK signal

" pr eSent Sy SAUSRSe HlodRaD rl24Re ab0! 5108860, SV bEL REhAg, aogoct at ed

wi th a phase characteristic ol sai “sai d “rnstantaneéus phase
estimat or TVPNSE R Pinary dataoventd berpravide@ntPnghe usdauer wezHue

rel ated tidtedtst ot aeRise PHASE Oinddi €hESKymbol interval. Thus each
measure of correlation should be delayed for 1/4 symbol time
by delay 176 and then delayed a second 1/4 of a symbol time
by delay 178. The current measure of correlation, and the
measures delayed 1/4 and 1/2 symbol times are added together
by adder 180 resulting in a cumulative correlation value.
The cumulative correlation value is delayed for a 1/4 symbol
time by delay 182 and subsequently compared with the next
cumulative correlation value by comparator 184. When a
subsequent cumulative correlation value is less than the
previous one, and the unique word has been detected, detect
logic 174 also provides an output indicating which window is
the synchronizing window. Processor 22 uses this information
to control the demodulator timing, i.e., SYMBOL TIMING signal
utilized by AFC 46, ATRC 48 and data decoder 50. It should
be understood that the above-described operation of the
unique word detector could be implemented in software as
well. '

While the invention has been described and
illustrated with reference to specific embodiments, those
skilled in the art will recognize that modifications and
variations may be made without departing from the principles
of the invention as described hereinabove and set forth in
the following claims.
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signal; and an accumul ator having a first input coupled to an
out put of said counter and a second input coupled to sard—nstantaneocus.
phase decoder, said accumul ator accunul ating said counter_val ues of said

counter upon each deternination that a transition has '0& s Been Replacetth e
denodul ator of claim 7, wherein said PSK signal represen M of
known data synbols, each synbol beirmy ®bsociated with a PSK
signal, the phase detector further conprising: a differential phase

detector having an input coupled to s&IPIiMfst ant aneous phase esti mator
said di ffewenclisimphase detector generating an output representative of a

di fference between gach average ase estimte _and a previ ous gverage phase
estimate. 10.  The deﬁﬁdﬁlgt‘?’ggagf °8P&Pﬁﬁf?t\m&§eﬁg’s§eﬁ\spéﬁ(ﬁ“§| A all
anpl i t ude wtenseitiestfos wr@nseibvingf inflosmatidhgihathdaferhebdr ansai d

demodil at | he & braee i Y et R ER (L EERAI apa ot regti BBE P8 o) ol s,

each synbdedR NPl DHTh hEnadl, asabdwASKesighapobaivbheg empadkitdeed

phases, sai#l quency, and phase characteristics wherein at least some of
said phase characteristics are related to the information so
transmitted, a demodulator comprising;

a phase detector receiving an input of digital data
representative of said analog PSK signal so received and
providing successive outputs representative of phase
estimates of said PSK signal based on transitions in said
digital data; and

a data decoder having an input of coupled to said
phase detector to receive an input said phase estimates, said
data decoder converting said phase estimates to phase data

indicative of said transmitted information.

2. The demodulator of claim 1, wherein said
digital data comprises a plurality of samples grouped into
overlapping windows, a time between consecutive samples
defining a sampling period, the demodulator further
comprising:

a timing recovery controller coupled to said phase
detector and having an input related to said phase estimates
and operable to provide an output representative of an amount
to adjust said windows by one of i) advancing said windows ét
least one sampling period and ii) delaying said windows by at
least one sampling period.

3. The demodulator of claim 1, further
comprising: .

a frequency controller having an input coupled to
said phase detector for accepting said phase estimates and
providing an output representative of a corrected phase

corresponding to each phase estimate input thereto.
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synbol s being received in succession by a receiver, conpr|5|ng t he steps

“of : generating an anal og signal indicative of th
by the receiver and defining the anal og signal as said PSK
36 digitizing said PSK signal to provide a sequen

data sanples representative of said RgK_signal received, each dlgltal data
sanpl e having a val ue associated with one of a high IeveI and a |l ow | evel;

i denti fying tran5|41onsrﬁécugﬁaughggéglépvgiafﬂ §a|ghépg&ﬁey§1dand from

said | ow].ev ﬁgg hi gh | evel between successive ég{ data sanpl es;

gener at | 9&%9@ Qﬁ%%&wrﬂﬁx refh SFanRRS M5%ied; and
grouped into overlapping windows which are a time between
consecutive samples defining a sampling perlod further

comprising:

a timing recovery controller coupled to said
frequency controller and having an input of said corrected
phase estimates received during each window and providing an
output representative of an amount to adjust said windows by
one of i) advancing said windows at least one sampling period
and ii) delaying said windows by at least one sampling
period.

5. The demodulator of claim 4, wherein, said PSK
signal comprises a known sequence of data defining a unique
word, said demodulator further comprising:

a unique word detector having an input for
receiving said phase data, said unique word detector making a
determination that said unique word has been detected based
on said phase data and identifying a set of said windows in
which said unique word is so detected and defining said set
of windows as synchronizing windows and further providing an
output identifying said synchronizing windows; and

said data decoder being further coupled to the
unigue word detector to receive said output identifying said
synchronizing windows, said data decoder providing an output
of said phase data associated with said synchronizing
windows.

6. The demodulator of claim 1, wherein said PSK
signal comprises a known sequence of data forming a unique
word, the demodulator further comprising:

a unique word detector coupled to said data decoder
and having an input for receiving said phase data, said
unique word.detecfor making a determination that said unique
word has been detected based on said phase data and providing

an output representing the same.

RN 0 ) A
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decodi ng each phase estimate to provide binary data representatlve of said
symbol s received and defining said data as drissheet HistBgen Reglaced  The net hod
of claim1l, further conprising the steps of: Mttl ng a
sequence of the binary data,; correlatln of blnary
data to a uni que sequence of binary data,; provi |ng a nmeasure of

said correlation; and gener at+ngps a-detection signal if said neasure
exceeds a predetern1ned t hreshol d. 13. The net hod of claim 12, further
conprising the stepd:of: The demogudatgrariin§ladPsdqueheredfusadss of binary

dat a; dlgsﬁaxeaataneoﬁgehséabaegaaa&néequsngeceésbuoaralgatalt0 sai d

f b
corrotati oRPeregacRe ERnEaiRLA heying al vatoe adsScTaRRd FiRh BRe efqfence

of binary Wigla havéhgandhaghest laeasyr ehef phaseetiateonprandmprising:
providing an output o defLibydge3akd pRELECHELAEFUEAYINg an input of

said digital data, said instantaneous phase detector

determining if a transition between consecutive digital
samples has occurred such that one of 1) one sample has a
value associated with said high level and a subsequent
digital sample has a value associated with said low level and
2) one sample has a value associated with said low level and
a subsequent digital sample has a value associated with said
high level, and providing a decoded output representative of
at least said transitions so determined; and

an instantaneous phase estimator having an input
coupled to said instantaneous phase decoder to receive said
decoded output, said instantaneocus phase estimator providing
an output representative of an average phase estimate based

on said transitions.

8. The demodulator of claim 7, wherein said PSK
signal represents a sequence of known data symbols, each
symbol being associated with a phase characteristic of said
PSK signal, said instantaneous phase estimator comprising:

a counter for incrementing a counter value related
to an instantaneous phase of said PSK signal; and

an accumulator having a first input coupled to an
output of said counter and a second input- coupled to said
instantaneocus phase decoder, said accumulator accumulating
said counter values of said counter upon each determination
that a transition has occurred.

9. The demodulator of claim 7, wherein said PSK
signal represents a sequence of known data symbols, each
symbol being associated with a phase of said PSK signal, the
phase detector further comprising:

- _
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14. The nethod of claim 13, wherein the step of selecti n—g-- aai d—sequence

of binary data having the hi ghest neasure of correl ation t

; . laced’
st eps of: addi ng a nunber of consecutive neasures ﬁ%sé%%nRepace
together resulting in a cunulative correlation value for eac m “
bi nary dat a; conparing each cunmul ative correl ation val

previous cunul ative correl ation value ¥mtTl a current cunulatlve
correlation value is |l ess than a nost previous correlation val ue

37 and defini ng eh8dffssensiadi ohaseumgtecteE fevidihidbt e as the
hi ghest cugyhpledetg0shehath88anBlfleous phase estimator, said

differential phase detector generating an output
representative of a difference between each average phase

estimate and a previous average phase estimate.

10. The system of claim 1, wherein subgtantially
all amplitude characteristics are removed from said digital
data before said digital data is received by said phase
detector.

11. A method for demodulating a phase shift keyed
(PSK) signal having a sequence of symbols, each symbol being
based upon one of a known set of possible transmitted phases,
said symbols being receivéd in succession by a receiver,
comprising the steps of:

generating an analog signal indicative of the
symbols received by the receivgr and defining the analog
signal as said PSK signal;

digitizing said PSK signal to provide a sequence of
digital data samples representative of said PSK signal
received, each digital data sample having a value associated
with one of a high level and a low level;

identifying transitions from said high level to
said low level and from said low level to said high level
between successive digital data samples;

generating a phase estimate based on said
transitions so identified; and

decoding each phase estimate to provide binary data
representative of said symbols received and defining said
data as decoded data.

12. The method of claim 11, further comprising the
steps of:

accumulating a sequence of the binary data;

correlating said sequence of binary data to a

unique sequence of binary data;

Thie is the replacement sheet
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defining one sequence of binary data corresponding to the last of the ————
nunmber of measures of correl ati on added together to fornmghmegugg

currul ative correlation as the sel ected sequence of binary . nRemﬁﬁg
met hod of claim 11, wherein the step of digitizing said P ‘L m’w
conprises the steps of: limting the anal og signal ¥ of

said PSK signal to provide a discrete 87gnal so that where said anal og

signal has an anplitude greater than zero said discrete signal has an
anpl i tude correspon@FRYIENS A PR syred&leSAlt FATERF2 R W% sai d

anal og signal has ageaeRlaitinde a eetddtd &rigradl d Misstieteasgral has an
anpl i tude corrgagondin

to _a_secqn redeterm ned | evel; and
sanpl i ng sara® |sc?eP5ggF ﬁ§plpﬁ§rg8$ngFh§hg said digital data sanpl es.

16. The nethod of claim 11, further conprising conparing each phase
b T T R RS
steps of:
accumulating subseéuent sequences of binary data;
correlating each subsequent sequence of binary data
to said unique sequence of binary data;
providing a measure of said correlation for each
subsequent correlation;
selecting one sequence of binary data having a
highest measure of correlation; and
providing an output identifying said selected
seguence. '

14. The method of claim 13, wherein the step of
selecting said sequence of binary data having the highest
measure of correlation comprises the steps of:

adding a number of consecutive measures of
correlation together resulting in a cumulative correlation
value for each sequence of binary data;

comparing each cumulative correlation value to a
most previous cumulative correlation value until a current
cumulative correlation value is less than a most previous
correlation value and defining that most previous cumulative
correlation value as the highest cumulative correlation; and

defining one sequence of binary data correspbﬁding
to the last of the number of measures of correlation added
together to form the highest cumulative correlation as the

selected sequence of binary data.

15. The method of claim 11, wherein the step of
digitizing said PSK signal comprises the steps of:

limiting the analog signal representative of said
PSK signal to provide a discrete signal so that where said

analog signal has an amplitude greater than zero said

* C L M S *
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17. The nethod of claim 11, wherein each sympbol-is transmtted for a
period of time defining a synbol interval, the nethod further conprising,
generating a nunber of phase estimates duri nghi$hgetds En Repiagedal ; and
averagi ng sai d nunber of phase estimtes over a I deflnlng a
wi ndow to provi de an averaged phase esti mate. hod of clalm
17, further conprising defining a nurb28 ef overl appi ng w ndows.

The net hod of. claim 17, wherein a length of said windowis |ess than the
synbol i nt diggrete sxgnal has an amplitude corresponding to a first

predetermined level and where said analog signal has an

amplitude less than zero said discrete signal has an
amplitude corresponding to a second predetermined level; and

sampling said discrete signal thereby forming said
digital data samples.

16. The method of claim 11, further comprising:

comparing each phase estimate with a previous phase
estimate to determine a difference between sach two
consecutive transmitted phases.

17. The method of claim 11, wherein each symbol is
transmitted for a period of time deflnlng a symbol interval,
the method further comprising;

generating a number of phase estimates during each
symbol interval; and

averaging said number of phase estimates over a
period of time defining a window to provide an averaged phase

estimate.

18. The method of claim 17, further comprising:

defining a number of overlapping windows.

19. The method of claim 17, wherein a length of
said window is less than the symbol interwval.

20. The method of claim 11, wherein each symbol is
transmitted for a period of time defining a symbol interval,
the method further comprising; '

generating a number of said phase estimates during
each symbol interval;

defining a number of windows, each window having a
length less than said symbol interval;

generating an average phase estimate corresponding

to each window;

R ) YD

g g the raplacemen?t sheet

P . .!"":‘} § ia
Dag: 1 AN 10997



38 20. The nethod of claim 11, wherein each synbol is tramsmtted for——
a period of tine defining a synbol interval, the nethod fur éhé§¥5H$ Wﬂmbmm
generating a nunber of said phase estinmates during each sy mﬂ w

defining a nunber of w ndows, each w ndow having a | ength Ies
synbol ‘i nterval; generating an g erage phase estimte
to each w ndow, generating a TP quency offset representative of a

di fference betmeenngggégg@lg a§e{P§%usa| of?Qgt reﬁgesgﬂEég |ngfsgld

aver age phase estinates by adj us aver age se-es Fe§ by said
frequency PFfkafence etweameavendarnl Riasd aesmmntéﬂrt her conpri sing;

grouping said W ndower+8L0:Ag! sa bassedenhod bRk ¥ecigheLensg 1 tiMe of

each said ndowlto saj d sy i nt erval accunul ati ng sets of
decoded d@HWRF ’trh%tsae’a‘(‘:kﬁ‘é%‘?%g%e&h%ﬁe Rt emtY oo i@ sHHREeensY
offset.

21. The method of claim 20, further comprising;

grouping said windows into sets based oﬁ a relative
reference in time of each said window to said symbol
interval;

accumulating sets of decoded data so that each said
set of decoded data corresponds to those windows in said set
of windows;

comparing each set of decoded data to a known
sequence of data;

generating a detect signal when said decocded data
is substantially the same as said known sequence of data; and

defining a set of synchronizing windows as said set
of windows corresponding Eo said set of decoded data when
said set of decoded data is substantially the same as said

known sequence of data.

22. The method of claim 21, further comprising:
defining a window before each of said synchronizing windows
as an early window;

defining a window after each of said synchronizing
windows as a late window;

determining a phase offset for each of said early
and late windows;

comparing said phase offset corresponding to said
early window and said phase offset corresponding to said late
window, said comparison resulting in a difference between
said two phase offsets representative of a timing offset;

adjusting a timing of said synchronizing windows
relative to said symbol interval, based on said timing
offset.
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those windows in said set of w ndows; conpar i-rg—each-set--of —decoded

data to a known sequence of data; generating .a. detect signal when
sai d decoded data is substantially the same as said 'KIgREE epipcedat a;
and defining a set of synchronizing wi ndows as H ndows
corresponding to said set of decoded data when said se ata is
substantially the sane as said knowygequence of data. 22. The et hod
of claim 21, further conprising: defining a wi ndow before each of

sai d synchronizing w Ly EQHE Q; éﬁﬁining a w ndow
after each of said syB ' ﬁ Q%iﬁggfégfﬁ N ,
determ ning a phase offset f arly and | ate w ndows;

conparing said phase offset corresponding to said early wi ndow and said
phase of fset correspondi ng t 8Psgrdcitaps wheddmvesdiicbrconpari son resul ting

in adifference betyeengidlal WuhdNAR A T hd GRFSESY AdNEaPfafidd M N

offset; digital data representing a phase shift keyed (PSK) signal
are provided. The demodulator comprises a phase detector,
-automatic frequency controller, automatic timing recovery
controller, data decoder, and unique word detector.
According to the method of the present invention, a PSK
signal is received and digitized to substantially remove the
signal’s amplitude characteristics. The phase detector
receives an input of the digital data and based upon
transitions in the data from a high state to low state and
from a low state to a high state, provides phase estimates.
The phase estimates are converted by the data decoder into
binary data representing the symbols transmitted to form the
PSK signal. A number of overlapping windows of digital data
are used to determine phase estimates. The unique word
detector receives an input of binary data from the data
decoder and using a correlation technique identifies one set
of windows which substantially maximizes synchronization of
‘the demodulator with the received PSK signal. After the
synchronizing window has been identified the automatic
frequency controller monitors any fregquency drift of the PSK
signal and corrects the phase estimates based on the
frequency error. The automatic tining recovery controller
uses the corrected phase errors from early and late windows
with respect to the synchronizing window to adjust the timing
of the synéhronizing window by advancing or delaying the
democdulator’s symbol timing signal to further maximize
synchronization with the received PSK signal.

FIGURE 7



39 adjusting a timng of said synchronizing wi ndows relative to
Said synbol interval, based on said timng offset. 23. A phase detector
for use in a receiver of a digital conmunications system said receiver
bei ng capabl e of receiving a phase shift keyed (PSK) signal representing a
sequence of transmtted synbols and conyecting the PSK signal so received
into digital data conprising digital sanples, the phase detector

conpri si ng: an i nstantaneous phase decoder having an input of said
digital data, said instantaneous
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phase detector determining if a transition between consecutive digital
sanpl es has occurred such that one of 1) one digital sanple has a val ue
associated with a high | evel and a subsequent digital sanple has a val ue
associated with a low level, and 2) one digital sanple has a val ue
associated wth said | ow | evel and a sulsequent digital sanple has a val ue
associated with said high level, and providing a decoded out put
representative of each sajd transitions; an i nstant aneous phase
estimator having an i npua#coupl ed o0 sai d i nstantaneous phase decoder to
recei ve sai d decoded outifit, said{Hnstantaneous phase estimtor generating
aver age phase eSp-=hai-es—based—oh-Eai d transitions and providi ng an out put

of sai d average |phase esti nat gs, erein each of the synbols is a

associ ated with jone of a;ﬁet ad knqwn phases and each phase estinmate is
associated with ja synbol -$f jﬁé reqeived PSK signal; and =~ . a format
converter operatfively inbeéﬁaqu wift h sai d out put of said instantaneous
phase estimtor,| said foﬁ%ﬁhucnnve ter identifying, for each phase

esti mate, one of] the kno®n gA4S dssoci ated therewith and providing a
first binary repre i d to the known phase so identified and
provi ding a secon jon indicative of a difference between
said identifixged d\phase esti mate. 24. The phase

det ect or of __Ei Tfst ant aneous phase estimtor averages a
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25. The phase detector of claim 23, wherein each synbol is associ ated
with a phase characteristic of the PSK signal, said instantaneous phase
estimator conprising:

40 a counter for increnmenting a counter value related to an

I nst ant aneous phase of said PSK signal; zand an accunul ator having a
first input coupled to an output of said counter and a second input coupled
to said instantaneous phase decoder, said accunul ator accunul ati ng said
counter values upon each determi nation that a transition has occurred, said
accunul ation resulting in a
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cunul ative counter val ue. 26. The phase detector of claim23, further
conpri si ng: a differential phase detector having an input coupled to
sai d i nstantaneous phase estimator, said differential phase detector
generating an output representative of a difference between each phase

estimate and a previous phase estimte. 4 -27. A nmet hod of determ ning the
phase of a phase shift keyed (PSK) synbol received by a receiver used in a
di gi tal conmuni cations system conprising the steps of: accepting an
I nput of digital sanples,oeach digital sanple having a high level or a | ow
| evel ; i dentifying&ransitions fromsaid high level to said |ow
| evel and fromsaid | ow Ieﬁe& to said high | evel between successive digita
sanpl es; and generating a phase estinmate based on said transitions
so identified by carrying out at |east the_ follow ngy¥steps: starting
a counter at the begijnning of each wi ndow t@ provi desyan out put of
I ncreasi ng counter vl ues; I ncrenentijng the c%unter values at a rate
defining a sanpling rjate; and
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accunul ati ng counter values corresponding to instances at which a
predet er m ned nunber of consecutive transitions have been identified, said

accurrul ati on of counter values being related to said phase estimte. 28.
The met hod of claim 27, further conprising the steps of: generating
a nunber of phase estimates for each synbol received; and
41 averagi ng sa d nunber of phase estimtes over a period of tine
defining a windowto provide an averaged phase estimte. ® —_
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29. The nethod of claim 27, wherein a period of tinme over which each
synbol is received defines a synbol period and said step of generating
sai d phase estimate conprises the steps of: generating a ranp
signal having a | owest val ue corresponding to the begi nning of each

wi ndow, said ranp signal increasing inr ¥al-ue over a period offftine; and
accunul ating the val uet of said ranp i gnal corresponding tonstances when
transitions are identafied, said acaunulation resulting in a,cunmulative
val ue. 30. The nethod of claim 28, further com step of:
subtracting a predeterf ned phase of fget from each yal ue of sdi d ranp

signal corresponding tg each transitign fromsaid high level to said | ow
| evel . 31. The netlapbd of claim 29} wherein sa%? sttep of gg¢nerating said
ranp signal is inplenmefgted using a coynter. 32.lm <Khe nethod of claim 29,
wherein said ranp sign I's generated|for a tine i? fanti al |
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equal to one half of said w ndow period, each said phase estimte being
Tepresented by said cumul ati ve value for each one half of said w ndow

period, further conprising the step of: addi ng together said each
two consecutive cumnul ative values and defining the sumas an average phase
esti mat e. 33. The met hod of claim-27,-further conprising the step of:

generating an interpolated counter value in the event that said
predeterm ned nunber of consecutive transitions are not identified, said
|nterpolaﬂHdN0@ en counter val ues

COI’I’ESpOﬂ?’ @ %d)l\ﬂ) consec Utlve transitions.
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34. The met hod of claim 27, further conprising the step of:

subtracting a predetern ned val ue indicative of a phase offset fromsaid
accunul ati on of counter values if a first counter value of the accunul ated
counter val ués corresponds to a transition fromsaid high level to said |ow
| evel . 3% . A frequency controller-f@ -use in a receiver of a digital
conmuni cat j gyisgsystem said receiver being capable of receiving a phase

shift keégfggﬂSKT‘signal representing a sequence of transmtted synbol s,
each of gai ﬁgaﬂsnitted synbol s corresponding to one of a set of known
phases, sai @lmeceiver generating phase~estimates rel atedyto the symbols of
the PSK sigks|®Rso recei ved, said PSK sjgnal being transquzed at a
pr edet erm EﬁequenE& and said recei PSK si gnal ha%ﬁ a frequency
W th a vart seti&;on1said prngE?Dnined frequencyg she frequency
control | er_ &) |ng“’ phaseucgr T ecti on neans avkgg an i nput
i ndicative of id vag abl e of fset fd&t rrecting sai dpfase estimtes to
produce corrertred phase esti mates; 3~ phase error defection neans
i nt er f aced—wt i d phase correction seans for determ nfing whet her at
| east sone _Ofl®aid corrected phase estijmates contain a phase error, and if
so, for ~1 ™
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determ ning for each of those said phase estinmates whether said phase
estimate has a phase either 1) greater than the known phase correspondi ng
to the synbol of the received PSK signal, or 2) |less than the known phase
corresponding to the synbol of the received PSK signal; counti ng
means interfaced with said phase error.detection neans for maintaining a
positive count of those phase estinmates greater than the correspondi ng
known phase and a negative count of those phase estimates |ess than the
correspondi ng known phase; and frequency offset neans interfaced
wi th said counting nmeans and said phase correction neans for generating a
frequency offset based on a differeaesipat ween sai d posigngegrBUMEYat i ve
counts, said frequency offset so genBreged defining sai cREADISKILEATH f set

used to produce said corrected phase epti mates.
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36. The frequency controller of claim35, wherein said phase error

det ecti on means conpri ses: a phase error detection circuit
interfaced with said phase correction neans to receive an input of said
corrected phase estimates, said error detection circuit conparing said
corrected phase estimate with one of -sabd-known phases closest in value to
said corrected phase to determ ne an absol ute val ue of the phase error,
sai d phase error detection circuit providing an output representative of
sai d absol ute val ue of said phase estinmate and representative of whether
said phase error is greater or |less than said known phase; and a
threshol d detector interfaced with said phase error detection circuit and

said counting neans, said thresho ector conparj i | ute val ue
of the phase error to a predeter ﬂ@gg sitive threéﬁghgﬂvg%ﬁgégid
MM ERESE WdfR

corrected phase estimate is great n said knownR onpari ng

sai d absol ute phase error to a predgterm ned negative threshold when said
corrected phase esti eis less than said known phase shid i ng nmeans
counting only those pgsitive and nedative counts exceedi said pokitive
and negative threshol ds respectively. 37. The frequenﬁy conttoller of
claim 35, wherein a nunber 5e |esirat-es are averaged—byqsald receiver
over a period of tinefto fo%ﬁf [ 2ded phgse esti mat s EARLR qvetage phase
RROR +THR? COUNTER |
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estimate being provided as an input to said phase correction neans. 38.
The frequency controller of claim35, wherein said digital comunication
systemis capable of operating in a burst node so that said PSK signal is
received during a designated slot of each burst, said frequency offset
means conpri si ng: a subtractor-fpL accepting said positive and
negative counts follow ng each slot in which said PSK signal is received
and determning the difference between said positive and negative counts to
provide an output of the differences, said differences being indicative of
a frequency offset d_PSK S|gnal during said slot; a frequency
accunul ator i nterflac8dARTt h) sai d subtractor for accepting said differences

to forman accunul at ed¢Ts set val ue;
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a frequency threshold conparator interfaced with said frequency accumul at or
for conparing said accunul ated frequency offset value with a predeterm ned
frequency offset threshold and providing an output indicative of said
conparison; and a frequency offset generator for adjusting said
frequency offset based on said conparisapp. - 39. The frequency controller
of claim35, wherein said phase error detection neans has a synbol timng

i nput indicating that said phase estimate is related to a single synbol of
said received PSK signal, said phase error detection neans determning said
phase error of only those phase estimates coinciding with the synbol

timng. 40. The frequency controller of claim35, further conprising a
signal quality indic interfaced with said counting neans for accepting
an input of said posﬁE@De and Qgg@tive counts .
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and for adding said positive and negative counts together to provide an

out put indicative of the quality of the received PSK signal. 41. A

met hod of correcting phase estinates generated by a receiver in a digital
comuni cati on system said receiver being capable of receiving a phase
shift keyed (PSK) signal representing-al8egquence of transmtted synbols,
wherein each synbol is transmtted for a period of tinme defining a synbo
interval and each of said transmtted synbols corresponds to one of a set
of known phases, said receiver generates a nunber of phase estimtes during

each synbol interval, the nethod conprising; identifying, for each
phase estimte, one of said known phases which has a phase val ue cl osest to
each respective phase estimte; increnenting a positive counter if

sai d phase estimate is greater than said identified known phase;
increnentgﬁgogqugﬁﬁbve counter if said phapgreskoupte is | ess than said

identifi edglipgyr—hase: conpari ng saCONp&p(ti ve and negative
counters to provide an outdbt defining a frequency offset; and
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92,

oabars e
adj usting the phase estimates based on said frequency offset

The nmethod of claim4l, wherein said PSK sj.gnal .i.s received duri Ng.. gmm

period of time defining a slot, said frequency /of fset'ibei ng provi ded s
foll owi ng each slot so recei ved. 43. The rrét Fod -of -.cl ai m- 42, furthe;::

conprising the step of:
provi ded for a predeterm ned nunber of slots; and, - ... comparing. an
absol ute val ue of said frequency of f SCLAIMS accunulated mnth as

accunul as3ng sai'd+f requency: offse;a,s sg-\

s 18

[P

1. In a digital communications system having a transmitter for transmitting information in
the form of an analog phase shift keyed (PSK) signal and a receiver for receiving said PSK
signal, said PSK signal having amplitude, frequency, and phase characteristics wherein at least
some of said phase characteristics are related to the information so transmitted, a demodulator
comprising: |

a phase detector receiving an input of digital data representative of said analog PSK
signal so received and providing successive outputs représentative of phase estimates of said
PSK signal based on transitions in said digital data; and

a data decoder having an input coupled to said phase detector to receive an input said
phase estimates, said data decoder converting said phase estimates to phase data indicative of
said transmitted information.

2. The demodulator of claim 1, wherein said digital data comprises a plurality of samples
grouped into overlapping windows, a time between consecutive samples defining a sampling
period, the demodulator further comprising:

a timing recovery controller coupled to said phase detector and having an input related to
said phase estimates and operable to §mvide an output representative of an amount to adjust said
windows by one of i) advancing said windows at least one sampling period and ii) delaying said

windows by at least one sampling period.

3. The demodulator of claim 1, further comprising a frequency controller having an input
coupled to said phase detector for accepting said phase estimates and providing an output
representative of a corrected phase corresponding to each phase estimate input thereto.

4, The demodulator of claim 3, wherein said digital data comprises a plixrality of samples
which are grouped into overlapping windows, a time between consecutive samples defining a

sampling period, the demodulator further comprising:
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predeterm ned of fset threshol d; sai d '75t"‘e“'|c;- of~ :atdj usting said phase
estimates being carried out only if said absol ute valtue of "sai d accumniil at ed

frequency of fset exceeds said predeterm ned offset thy The
met hod of claim4l, further conprising the steps of: mmﬂl“ﬂujmufl&”mn
based on said phase estimates and said i¥fentified knowy phase anval ue

I ndi cative of a phase error of said PSK signal so received, sai.d
step of increnenting said positive counter being carried out only if said

phase error is ajinaiag&covers sonirqiierenupled o spidi frpquency sontrpliersied baviog ar inpatsifol d

and said ' L 1 tifi.ed known phase; and

said step 0 ﬁ%rqgé:té%?ﬁsgmgagﬁ% cr?g%gtg P’\ll/[gg%ghr‘ﬁ‘% °%%‘HP§°‘€§'PH‘88“‘8&E only if
sai d phaseepesentative ofareah@int towifustsafit wildb&s By ool Ipaiahdify SIBHhdBWs B least
threshold and sai.d phase estimate is |ess than said identified known phase.
45. A f r%ﬁ&?ﬁgly‘&i%ﬁf’? and it} delaying said windaws Bx-ailepet onsfsayplingperiaf.

communi cations system said receiver being capable of receiving a phase

shift keyed (PSK) signal regée_senti ng a sequence of transmtted synbols,
each of sal-d t rikesampdaatos ghdlaimst, whereis paid #SKpignal eomeprisés aksein siudnnooih

Phasesk o Path doBfiie b UnidtR RIS il UcRBRRS of RinlPLotspdsfig?t ©d 1O the symbols of
a unique word detector having an input for receiving said phase data, said unique word
detector making a determination that said unique word has been detected based on said phase
data and identifying a set of said windows in which said unique word is so detected and defining
said set of windows as synchronizing windows and further providing an output identifying said
synchronizing windows; and
said data decoder being further coupled to the unique word detector to receive said output
identifying said synchronizing windows, said data decoder providing an output of said phase
data associated with said synchronizing windows.

6. The demodulator of claim 1, wherein said PSK signal comprises a known sequence of
data forming a unique word, the demodulator further comprising:

a unique word detector coupled to said data decoder and having an input for receiving
said phase data, said unique word detector making a determination that said unique word has
been detected based on said phase data and providing an output representing the same.

7. The demodulator of claim 1, wherein said digital data comprises a sequence of successive
digital samples, each sample having a value associated with one of a high level and a low level,
the phase detector comprising:

an instantaneous phase decoder having an input of said digital data, said instantaneous
phase decoder determining if a transition between consecutive digital samples has occurred such
that one of 1) one sample has a value associated with said high level and a subsequent digital

sample has a value associated with said low level and 2) one sample has a value associated with
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received, said PSK signal being transmtted at a predeterm ned frequency
and said received PSK signal having a frequency with a.vari.able offset from
sai d predet erm ned frequency, the frequency controller conprising:

46 phase correction neans having an input mﬁlmmnﬁm "Iﬂar[lm
vari able offset for correcting said phasis estimtes to

phase esti mates; phase error detection means intérfaced With said
phase correction neans for deternini ng whet her at |east sone of said

For  cach of At olel BB £ Seb kil AT Sy Bl nliemmted it Nt EaeT anaC "

ei ther 1) providing a decoded output representative of at leas.said transitions so determined; and

an instantaneous phase estimator having an input coupled to said instantaneous phase
decoder to receive said decoded output, said instantaneous phase estimator providing an output

representative of an average phase estimate based on said transitions.

8. The demodulator of claim 7, wherein said PSK signal represents a sequence of known
data symbols, each symbol being associated with a phase characteristic of said PSK signal, said
instantaneous phase estimator comprising:

a counter for incrementing a counter value related to an instantaneous phase of said PSK
signal; and -

an accumulator having a first input coupled to an output of said counter and a second
input coupled to said instantaneous phase decoder, said accumulator accumulating said counter

values of said counter upon each determination that a transition has occurred.

9. The demodulator of claim 7, wherein said PSK signal represents a sequence of known
data symbols, each symbol bemg associated with a phase of said PSK signal, the phase detector
further comprising:
a differential phase detector having an input coupled to said instantaneous phase
estimator, said differential phase detector generating an output representative of a difference
_ between each average phase estimate and a previous average phase estimate.

10. The demodulation of claim 1, wherein substantially all amplitude characteristics are
removed from said digital data before said digital data is received by said phase detector.

11. A method for demodulating a phase shift keyed (PSK) signal having a sequence of
symbols, each symbol being based upon one of a known set of possible transmitted phases, said
symbols being received in succession by a receiver, comprising the steps of:

generating an analog signal indicative of the symbols received by the receiver and
defining the analog signal as said PSK signal;
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greater than the known phase corresponding to the synbol of the received
PSK signal, or 2) less than the known phase corresponding to the synbol of
t he received PSK signal; - counting neans interfaced with sai d phase

error detection means for maintaini ng a positive -count of t

estimates greater than the correspondi ngéknown phase and a Hmm"mnuﬂmmll
of those phase estimates | ess than the correspondi ng known phase; 4requency
of fset means interfaced with said counting neans -and sai d phase correction

means for generg gitﬁﬂx Jaid ERRIGHEY to?r%ﬁﬁéa?&%%eg?gig%tﬂidfa{a% ra{é@%‘ﬁﬁ?‘“ﬁ?i d

posi tive and neg t|v count s, ~sal requency o S0 gen I ni ng
sai d vari asicPSKfsignal reesivedt cncb digitalcdatassaimplechaving atvabhe pssasisted withrme 0§ 2 highd

a signal qg?alllt |nd;lca or interfaced with said counting nmeans for
accepting SRiMBAIO¥IVERi d positive and negative counts and for adding said

positive and nemaﬁtifymg@emiﬁ@xstmeﬁakwmgh IbvBlftﬁ%dﬁ)Vﬁltvéllahﬂlﬁbrﬂ il loatlévebtoof
the quality of. the received PSK si gnal The frequency control I er of

cl ai m 45, %?‘8*‘|LFV§hlPedwfﬂ4‘6§§6°eé$Y‘iﬁ‘g’éPéfié‘§ts?‘8P}eﬁeans conpri ses:
phase error det%&&}aﬂﬂ & phd ge&m&és&@s&%@%mgofaamdcmr ection means

to receive an i corrected phase .esti nmates said error detection
circuit conpari d@oéxag daohcphaamseukatp lia provige thinagit @tamepdesenmvgbf said syribaiswn

phases cl osest in value ta,sajd gorr.e d phase to determ ne an absol ute
val ue of tH&® ﬁ?‘é%“g% mggﬁéﬂaﬁaﬁ?ge‘ﬁ%r detection circuit providing an

12.  The method of claim 11, further comprising the steps of:
accumulating a sequence of the binary data;
correlating said sequence of binary data to a unique sequence of binary data;
providing a measure of said correlation; and
generating a detection signal if said measure exceeds a predetermined threshold.

13.  The method of claim 12, further comprising the steps of:

accumulating subsequent sequences of binary data;

correlating each subsequent sequence of binary data to said unique sequence of binary
data;

providing a measure of said correlation for each subsequent correlation;

selecting one sequence of binary data having a highest measure of correlation; and

providing an output identifying said selected sequence.

14.  The method of claim 13, wherein the step of selecting said sequence of binary data
having the highest measure of correlation comprises the steps of:

adding a number of consecutive measures of correlation together resulting ina
cumulative correlation value for each sequence of binary data;

comparing each cumulative correlation value to a most previous cumulative correlation

value until a current cumulative correlation value is less than a most previous correlation value
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out put representative of said absolute value of said- phase_estimate and
representative of whether said phase error is gr’ ter or less than said
i

known phase; and a threshol d detector int mm,‘uﬁm phase
et ect or

error detection circuit and said counting neans,
conparing sai d absolute value of the phak® error to a preaet%rrﬁ ned ;
positive threshold when said corrected phase estimate is greater than said.
known phase and conparing said absol ute phase error to a predeterm ned
negative threshold when said . . ) .
47 cor r etdsiefipingdhat most prayigus cimudative cogplation valyerashe ghescumuatiyecount i ng
means countd ne.. QR gt NOse positive and negative counts exceeding said
positive and negative threshol ds respectively.

defining one sequence of binary data corresponding to the last of the number of measures

of correlation added together to form the highest cumulative correlation as the selected sequence
of binary data.
15.  The method of claim 11, wherein the step of digitizing said PSK signal comprises the
steps of:
limiting the analog signal representative of said PSK signal to provide a discrete signal so -
that where said analog signal has an amplitude greater than zero said discrete signal has an
amplitude corresponding to a first predetermined level and where said analog signal has an
~amplitude less than zero said discrete signal has an amplitude corresponding to a second
predetermined level; and
sampling said discrete signal thereby forming said digital data samples.

16.  The method of claim 11, further comprising comparing each phase estimate with a
previous phase estimate to determine a difference between each two consecutive transmitted
phases. ' '

17.  The method of claim 11, wherein each symbol is transmitted for a period of time defining
a symbol interval, the method further comprising;

generating a number of phase estimates during each symbol interval; and

averaging said number of phase estimates over a period of time defining a window to
provide an averaged phase estimate.

18.  The method of claim 17, further comprising defining a number of overlapping windows.

19.  The method of claim 17, wherein a length of said window is less than the symbol
interval.
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47. The frequency controller of claimd45, wherein a nunber of phase
esti mates are averaged by said receiver over a period of time to form
aver aged phase estinmates, each average phase estinate being provided as an — .
i nput to said phase correction neans. 48. The frequency I

cl aim45, wherein said phase error deteB® on neans has a Syr!‘mmm,“m,mi “"’
i nput indicating that said phase estinate is related to a singlé synbwl oOf »

said received PSK signal, said phase error detection neans determ ning said
phase error of only those phase estinmates coinci di n% wi.th the sty,rrbol

tinming. 29. ThemethedofakimcHs whercigeachesymbal inrrasmitediora geredef thpg defiging

uni que mrg%&ﬁﬁ@%”é%‘%%ﬂ@?%ﬁgmk%?t I on system having a receiver

capabl e of "recervin plurality of w ndow sets, said

wi ndow sets bei gmpentifigehumbertof said plwae estimatesidusng epeh symbolimgeqyhlase esti nat es

of the PSK signal. so received and detect.in ai.d_ uni rd i.n one .of said

wi ndow set s bas&f’"&ﬂg "’s‘&’t”g’eﬁﬂg‘?&g@ﬁ’ F@ﬁﬁt‘@gd@*ﬁﬁavmeﬁp%?ﬁgﬁ@agg?@ SWE‘Z}OW_ set

as synchromté-i,aﬁ wi ndows, said receiver having a timng recovery controller
e

for adjusting t timng of said synchronization wi ndows to inprove the
reception of thEenesang aaverage phise cftimAteePrieaRadinRyo E3RBIIS conpri si ng:

an ear|y error SGbfahQk stflent; el efidsetbivEBHY differeRAARAwER 2V RS Phase

corresponding t0 a
estimates; and :

correcting said average phase estimates by adjusting said average phase estimates by said
frequency offset.

21.  The method of claim 20, further comprising;

grouping said windows into sets based on a relative reference in time of each said
window to said symbol interval;

accumulating sets of decoded data so that each said set of decoded data corresponds to
those windows in said set of windows;

comparing each set of decoded data to a known sequence of data;

generating a detect signal when said decoded data is substantially the same as said known
sequence of data; and

defining a set of synchronizing windows as said set of windows corresponding to said set
of decoded data when said set of decode§ data is substantially the same as said known sequence
of data.

22.  The method of claim 21, further comprising:
defining a window before each of said synchronizing windows as an early window;
defining a window after each of said synchronizing windows as a late window;
determining a phase offset for each of said early and late windows; '
comparing said phase offset conesponding to said early window and said phase offset
corresponding to said late window, said comparison resulting in a difference between said two
phase offsets representative of a timing offset; '
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w ndow set being offset in tine prior to said synchronizing w ndows and
defining said phase estimtes so received as early phase estinmates, said
early error detector determning an early phase error of said early phase
esti mates based on a known set of phases of the PSK signal; alate
error detector for receiving an i nput of3%hase estinates correspondingto a
w ndow set follow ng the synchroni zing windows in tinme

phase estimates as | ate phase estimates, said late erro muﬂau"!w m[m!l
determning a | ate phase error of said Iate phase esti mat=s cbas

known set of phases of the PSK signal; a first conparison nmeans

coupled to said ear|y and late error det ectors for receiving an input of
sai d early and diustingladiseingpf ssidssynehseniziag windoys refalive tpisaid syrabatuervalobpsedans

CONPariNg o said timing offset. *

23. A phase detector for use in a receiver of a digital communications system, said receiver
being capable of receiving a phase shift keyed (PSK) signal representing a sequence of
transmitted symbols and converting the PSK signal so received into digital data comprising
digital samples, the phase detector comprising:

an instantaneous phase decoder having an input of said digital data, said instantaneous
phase detector determining if a transition between consecutive digital samples has occurred such
that one of 1) one digital sample has a value associated with a high level and a subsequent digital
sample has a value associated with a low level, and 2) one digital sample has a value associated
with said low level and a subsequent digital sample has a value associated with said high level,
and providing a decoded output representative of each said transitions;

an instantaneous phase estimator having an input coupled to said instantaneous phase
decoder to receive said decoded output, said instantaneous phase estimator generating average
phase estimates based on said transitions and providing an output of said average phase
estimates, wherein each of the symbols is a associated with one of a set of known phases and
each phase estimate is associated with a symbol of the received PSK signél; and

a format converter operatively interfaced with said output of said instantaneous phase
estimator, said format converter identifying, for each phase estimate, one of the known phases
associated therewith and providing a first binary representation related to the known phase so
identified and providing a second binary representation indicative of a difference between said
identified known phase and said phase estimate.

24.  The phase detector of claim 23, wherein said instantaneous phase est_imator avérages a

number of phase estimates to produce an average phase estimate.

25.  The phase detector of claim 23, wherein each symbol is associated with a phase

characteristic of the PSK signal, said instantaneous phase estimator comprising:
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said early and | ate phase errors and prOV|d|n an out ut i ative of t he
‘conpari son and defining said output as a vm IH '“jil‘u ﬂ I{ and

a timng recovery processor interfaced with ¢ son neans for
generating based on said w ndow offset error A tini ng adJ ust signal used
to adjust the timng of the synchronizi4®g w ndows. 50. The tim ng
recovery controller of claim49, further conprising: an early
threshol d detector interfaced with the conparison neans for determ ning
whet her the wi ndow offset error is greater than a first predeterm ned
threshol d, sai datpynier fopinerqmentingiarounter valus relotedrio an ingtagtan¢ops phise of ik P8Kv e
of f set fro g%l%egﬁfnter of each of the synchronizing w ndows; a

| ate thresh ector interfaced with the conparison neans for

det er m ni ng \Ahehhed:cutdnmwmmglacﬁmmpm €upled to an guitpa@tofsai bauntdr ané a 6etdnd

predeterm ned threshol d,.said seco pr edet er.m ned hreshol bei n
i ndi cat i ve IRt &"W&jié syd ‘W?&FWISPS?FF@F@ gle FRiQ ACYmUiRIRNACEHMY ?Fé“g said counter

synchroni i igebgdMQ4eh determination 83t £8dsiion BHHSRhurkd) Tsﬁﬁfa@&ﬁdxlﬂohbes%ﬁix% igarly
threshol d detector for naintaining an early count of each w ndow of fset

error det ecuinnlative eoupter yaluest er t han said first predeternined threshold;

26.  The phase detector of claim 23, further comprising:

a differential phase detector having an input coupled to said instantaneous phase
estimator, said differential phase detector generating an output representative of a difference
between each phase estimate and a previous phase estimate.

27. A method of determining the phase of a phase shift keyed (PSK) symbol received by a
receiver used in a digital communications system, comprising the steps of:

accepting an input of digital samples, each digital sample having a high level or a low
level;

identifying transitions from said high level to said low level and from said low level to
said high level between successive digital samples; and .

generating a phase estimate based on said transitions so identified by carrying out at least
the following steps:

starting a counter at the beginning of each window to provide an output of increasing
counter values;

incrementing the counter values at a rate defining a sampling rate; and

accumulating counter values corresponding to instances at which a predetermined
number of consecutive transitions have been identified, said accumulation of counter values

being related to said phase estimate.

28.  The method of claim 27, further comprising the steps of:

~ generating a number of phase estimates for each symbol received; and
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a Iate counter interfaced with said late threshold detector for maintaining
a late count of each wi ndow offset error deternmined to be greater than said
second predeterm ned threshold; and a second conparison_neans.
interfaced with said early counter and said |ate counter and said timng
recovery processor for conparing said ealy count and sallﬂumﬂﬂu glﬁﬂll
predefined times to produce an output of said conparison d
out put as the window timng error, said timng recovery proce sor
using said wwndow timng error .to generate said timng adjustnent signal.

o1. The ti m ngveraginy ey naAbYr bOpHasé eﬂfna&ls@béf‘aﬁﬁrxoc‘lmrﬁé ﬂeﬁxﬁ}f‘g fwlhdsvegal
conpri ses a sequence of synbols such that each synbol of said sequence is
transmtted® anaAvEragechRilags estimate. defi ni ng a synbol interval, said w ndow
of fset error being provided each synbol interval, said

-

29.  The method of claim 27, wherein a period of time over which each symbol is received
defines a symbol period and said step of generating said phase estimate comprises the steps of:
generating a ramp signal having a lowest value corresponding to the beginning of each
window, said ramp signal increasing in value over a period of time; and
accumulating the values of said ramp signal corresponding to instances when transitions

are identified, said accumulation resulting in a cumulative value.

30.  The method of claim 29, further comprising the step of:
subtracting a predetermined phase offset from each value of said ramp signal
corresponding to each transition from said high level to said low level.

31.  The method of claim 29, wherein said step of generating said ramp signal is implemented

using a counter.

32.  The method of claim 29, wherein said ramp signal is generated for a time substantially
equal to one half of said window period, each said phase estimate being represented by said
cumulative value for each one half of said window.period, further comprising the step of:

adding together said eacih two consecutive cumulative values and defining the sum as an
average phase estimate.

33.  The method of claim 27, further comprising the step of:
generating an interpolated counter value in the event that said predetermined number of
consecutive transitions are not identified, said interpolated value being based on a difference

between counter values corresponding to two consecutive transitions.
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49 comuni cation systemtransmtting said sequence of synbols during a
period of time defining a slot such that said second conparisoil means
provi des an output at the end of each slot period, the timng recovery
controller further conprising: a timng accurrul at or ”", I m

said second conparison neans for accunul4®ing said w ndow t m;"m; mmﬂ"’
a predeterm ned nunber of slots; and a threshold conparatort *
interfaced with said timng accumul ator for conparing the wi ndow tim ng
error so accunul ated with a predeterm ned error threshold and causing said

timng recsder yThy mei6é of cliith TR ARthet & sﬂng&hé‘%t@;ﬂ @dj ust signal V\/_nen an
absol ute val ue of sajd accumul ated w ndow tim ng error exceeds said

predet er m ned eYbBACtngagsedstegmined xzlue indigative ofA phgse effset om saidacqupiulasionof
clai m 50, H\@iﬁf&‘? vRuad if h 5% Lo i vRfue 3P aldunifiatdl R bt ORHe SRR LTSN JTBANS 1S

a subtracto
tmnsmon from said high level to said low level.

35. A frequency controller for use in a receiver of a digital communications system, said
receiver being capable of receiving a phase shift keyed (PSK) signal representing a sequence of
transmitted symbols, each of said transmitted symbols corresponding to one of a set of known
phases, said receiver generating phase estimates related to the symbols of the PSK signal so
received, said PSK signal being transmitted at a predetermined frequency and said received PSK
signal having a frequency with a variable offset from said predetermined frequency, the
frequency controller comprising:

phase correction means having an input indicative of said variable offset for correcting
said phase estimates to produce corrected phase estimates;

phase error detection means interfaced with said phase correction means for determining
whether at least some of said corrected phase estimates contain a phase error, and if so, for
determining for each of those said phase estimates whether said phase estimate has a phase either
1) greater than the known phase corresponding to the symbol of the received PSK signal, or 2)
less than the known phase corresponding to the symbol of the received PSK signal;

counting means interfaced with said phase error detection means for maintaining a
positive count of those phase estimates greater than the corresponding known phase and a
negative count of those phase estimates less than the corresponding known phase; and

frequency offset means interfaced with said counting means and said phase correction
means for generating a frequency offset based on a difference between said positive and negative
counts, said frequency offset so generated defining said variable offset used to produce said

corrected phase estimates.
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53. The tim ng recovery controller of claimb50, further conprising:

an adder interfaced with said early and said late iﬂnmm’ m umj |9
together said early and late counts to provide an u ul of the
signal quality of the PSK signal so received. at cohmuni eat i on
systemin which a PSK signal conprising ﬁ35equence of synbol s formng a

uni que word, each synbol of said sequence being transmtted over a period
of time defining a symbol interval, said PSK signal being transmtted and
subsequent |y rec nd by a receiver in a plurality of wi ndow sets defined
by said rem{q ‘ver] ﬁqaCWﬁe@wlb‘-é@%dﬁa g wierinapid phasd eror defastionmesss ver
generating mﬁﬁ,ﬁ &stimates of the PSK signal so received and detecting said

uni que word in one of said window sets based on said phase estimtes and
defining said or%phaﬁmdmnds@ctlw:symumr&mctwrtg said ptiamsprra:txmtﬂemh tbmecewean

Fecopt on ooyt ShLRofcuniee o iialeh P B8 Sl AmcRng Ry catfped
wi ndow bef qﬁﬂseaémhxaca‘wﬁ!ﬁmcé f\said knowh phases MbsREIAHSaIRs tPdiERimetedbRESYS

definin a ndow af each of said synchronizing windows as a |late
Wi ndow: 9 @ Leretmine an absolute value of the phase e¥ror, said phase er%or detection circuit providing an

output representative of said absolute value of said phase estimate and representative of whether
said phase error is greater or less than said known phase; and

a threshold detector interfaced with said phase error detection circuit and said counting
means, said threshold detector comparing said absolute value of the phase error to 2
predetermined positive threshold when said corrected phase estimate is greater than said known
phase and comparing said absolute phase error to a predetermined negative threshold when said
corrected phase estimate is less than said known phase, said counting means counting only those

positive and negative counts exceeding said positive and negative thresholds respectively.

37.  The frequency controller of claim 35, wherein a number of phase estimates are averaged
by said receiver over a period of time to form averaged phase estimates, each average phase

estimate being provided as an input to said phase correction means.

‘38.  The frequency controller of claim 35, wherein said digital communication system is
capable of operating in a burst mode so that said PSK signal is received during a designated slot
of each burst, said frequency offset means comprising:

a subtractor for accepting said positive and negative counts following each slot in which
said PSK signal is received and determining the difference between said positive and negative
counts to provide an output of the differences, said differences being indicative of a frequency
offset of said PSK signal during said slot; '

a frequency accumulator interfaced with said subtractor for accepting said'di&"é-iiéﬁée?sﬁ

and for accumulating said differences for a predetermined number of bursts to form an

accumulated frequency offset value;
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50 det er mi ni ng a phase offset for each of said early and |l ate
W ndows based on a known set of phases of the PSK si gral--and_defining said
respective offset as an early w ndow offset and a |ate w ndow of fset;

conparing said phase offset corresponding to said earl&”}"ﬂ"ﬂﬂgm
phase of fset corresponding to said | ate 44 ndow and pro Iﬂm aid

conpari son an output defining a timng offset; and Stindg a
timng of said synchronizing wi ndows rel ati ve to sai d synbol | nterval
based on said tiBhferef tit€hold TEaiE n said
PSK signal is I‘gCEI veng over oa CSE‘? chr 'P n| n uinﬂ é%rlr'et hod

further co wpmpsmng}satdwcmndpsd difequency offset vzpjue)mthia pgdctnmmedtfmglem‘yf@ct after
each sl ot 'thes Vi{%llcf: ahd] prmgdxﬁg lén out%ut mdllcgtwse%f ai gclm\xlpa%son and
a frequency offset generator for adjusting said frequency offset based on said

comparison.

39.  The frequency controller of claim 35, wherein said phase error detection means has a
symbol timing input indicating that said phase estimate is related to a single symbol of said
received PSK signal, said phase error detection means determining said phase error of only those

phase estimates coinciding with the symbol timing.

40.  The frequency controller of claim 35, further comprising a signal quality indicator
interfaced with said counting means for accepting an input of said positive and negative counts
and for adding said positive and negative counts together to provide an output indicative of the
quality of the received PSK signal.

41. A method of correcting phase estimates generated by a receiver in a digital
communication system, said receiver being capable of receiving a phase shift keyed (PSK) signal
representing a sequence of transmitted symbols, wherein each symbol is transmitted for a period
of time defining a symbol interval and each of said transmitted symbols corresponds to one of a
set of known phases, said receiver generates a number of phase estimates during each symbol
interval, the method comprising;

identifying, for each phase estimate, one of said known phases which has a phase value
closest to each respective phase estimate;

incrementing a posmve counter if said phase estimate is greater than said identified
known phase;

incrementing a negative counter if said phase estimate is less than said identified known
phase;

comparing said positive and negative counters to provide an output defining a frequency
offset; and '
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accurrul ating sai d timng offsets for a predeterm ned nunber of slots; and
said step of adjusting said timng of said synchronfzi ng w ndow bei ng
carried out only if an absolute value of said timng offsets so accumul at ed
exceed a predetermned timng offset threshold. 56. The nmet hod of claim
55, wherein said step of adjusting said ¢5mng of said synchronl zing W ndow "

conpri sés the steps of: del ayi ng sai d synchroni zi ng
absol ute val ue of said accunulated timng offset exceeds sum Hm Hﬁﬂ”’]uu
timng offset threshold and said |ate window error is greatér fhan sal
early w ndow err, ﬁgﬂ I zing wndow if an
absol ute val ue o?jrsa l}:aaenﬁ m?dgé%?&%%ﬁg?&@#g&%ﬁ@g%f%gds sai d predeterm ned

timng offset threshold and sald early window error is.greater than said
late wi ndon err ue vvor&igggt ectar used,in.a

57 .
communi cati%n s 32‘? gtiod ‘\f/ﬁﬁfﬂ Hg’ ‘%F‘éq"t‘ i Snaly FFﬁ?‘lvgqa%f”B‘lg aé’egg‘g] ﬁé‘HB% of
synbol s i s defiamg Aislok,8id RYGénc§ ¥R bexﬁé ploRRied EsliéNMLeach slobdorberivedp one of a

set of known synbols, each synbol being transmitted for a duration defined
as a synbol interval and received by a receiver in a plurality of w ndows

offset in tme, $ainfleld%tcMbh 42, further comprising the step of:
accumulating said frequency offsets so provided for 2 predetermined number of slots; and
comparing an absolute value of said frequency offsets so accumulated with a
predetermined offset threshold;
said step of adjusting said phase estimates being carried out only if said absolute value of
said accumulated frequency offset exceeds said predetermined offset threshold.

44.  The method of claim 41, further comprising the steps of:

generating based on said phase estimates and said identified known phase a value
indicative of a phase error of said PSK signal so received; '

said step of incrementing said positive counter being carried out only if said phase error
is greater than a predetermined positive phase error threshold and said phase estimate exceeds
said identified known phase; and

" said step of incrementing said negative counter being carried out only if said phase error

is greater than a predetermined negative phase error threshold and said phase estimate is less
than said identified known phase. '

45. A frequency controller for use in a receiver of a digital communications system, said
receiver being capable of receiving a phase shift keyed (PSK) signal representing a sequence of
transmitted symbols, each of said transmitted symbols corresponding to one of a set of known
phases, said receiver generating phase estimates related to the symbols of the PSK signal so
received, said PSK signal being transmitted at a predetermined frequency and said received PSK
signal having a frequency with a variable offset from said predetermined frequency, the
frequency controller comprising:
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decodi ng said sequence of synbols so received to produce a
bi nary .data and said digital signal being transmtted with gmmﬂm‘ﬁwﬂlmm
havi ng a sequence of predeterm ned synbols, the unique word eC A R T
conpri si ng: a correlator for receiving successive sequences of

bi nary data, each successive sequence bettg related to one of said w ndows,
said correlator conparing each said successive sequence so received wth

said unique word. to generate a nmeasure of correlation between said sequence

of binary data and said unique word, said correlator providing an output of
successi ve neas phass cofrection mehast iagimg an input indicative of said variable offset for correcting

said phase estimates to produce corrected phase estimates;

phase error detection means interfaced with said phase correction means for determining
whether at least some of said corrected phase estimates contain a phase error, and if so, for
determining for each of those phase estimates whether said phase estimate has a phase either 1)
greater than the known phase corresponding to the symbol of the received PSK signal, or 2) less
than the known phase corresponding to the symbol of the received PSK signal;

counting means interfaced with said phase error detection means for maintaining a
positive count of those phase estimates greater than the corresponding known phase and a
negative count of those phase estimates less than the corresponding known phase; frequency

~ offset means interfaced with said counting means and said phase correction means for generating

a frequency offset based on a difference between said positive and negative counts, said
frequency offset so generated defining said variable offset used to produce said corrected phase
estimates; and

a signal quality indicator interfaced with said counting means for accepting an input of
said positive and negative counts and for adding said positive and negative counts together to

provide an output indicative of the quality of the received PSK signal.

46.  The frequency controlier of claim 45, wherein said phase error detection means
comprises:

a phase error detection circuit interfaced with said phase correction means to receive an
input of said corrected phase estimates, said error detection circuit comparing said corrected
phase estimate with one of said known phases closest in valué to said corrécted phase to
determine an absolute value of the phase error, said phase error detection circuit providing an
output representative of said absolute value of said phase estimate and representative of whether
said phase error is greater or less than said known phase; and ,

a threshold detector interfaced with said phase error detection circuit and said counting
means, said threshold detector comparing said absolute value of the phase error to a
predetermined positive threshold when said corrected phase estimate is greater than said known

phase and comparing said absolute phase error to a predeterinined negative threshold when said
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a deI ay neans interfaced with said correlator f successi ve
measure of correlation, said delay nmeans accunul LW m ’jﬂgi ned
number of successive measures of correlation toget rst

currul ative correlation value and accunul ati ng sai d predeterm ned nurrber of
successi ve measures of correlation to fott a second cunul ative correl ation
~ value such that at |east one of said successive neasures of correlation
used to formsaid second cunul ative correlation is received by said del ay
nmeans after said ucce sive [ f orrel ; ' st
Cumil at 1 ve RO BT OR L AR Sk Riovhi e, Bt QletAg inebtt CoBbeer bl *)
said corr ebasmve aiiﬂdxegz&ivé cdﬁitﬁqxcﬁﬁﬁxli‘@said)posﬁ%mad hepgtieathreshaldsiresptvelp of
correlation to a predeternmi ned threshold to determ ne whether said unique
word has been received by said receiver and for conparing each first and
second cumyhat | 1he ﬁ@%ﬂeﬁéﬁédnﬁ@ﬂé&%ﬂﬁuﬁ @5 e@fe?elﬂa R%bé&fbﬁ&@fekﬁtﬁatb{hr%& o
said plurality o dows sai d unique word has been détected

uni que wor dy daid eeceiver aver & periad & Timevth forai avemgediphase etimatast ach éYef@ESrﬂhﬁes es

a threshol d_det ect.or |nt rface. with s correl. or conparing each said
measure of 8P ?’tgﬁ%{flgng Sdgﬁ%mg?téﬁéﬁl‘gpﬁ?sﬁgﬁcﬂ%égho d to deternmine whether
sai d uni que word has been received by said receiver; a conpari son
nmeans interfaced with said correlator for conparlﬂ%ﬁeach sai.d first

cunul at i ve48or r dhafrgieneasanEolierof claim 43 ckbnrrin suifahae £ deeron TERRD233) ye
and provi dighgn&ming input indicating that said phase estimate is related to a single symbol of said

received PSK signal, said phase error detection means determining said phase error of only those

phase estimates coinciding with the symbol timing.

49.  Inacommunication system in which a PSK signal having a unique word is transmitted,
said communication system having a receiver capable of receiving said PSK signal in a plurality
of window sets, said window sets being offset in time, said receiver generating phase estimates
of the PSK signal so received and detecting said unique word in one of said window sets based
on said phase estimates and defining the said window set as synchronizing windows, said
receiver having a timing recovery controller for adjusting the timing of said synchronization
windows to improve the reception of the PSK signal, said timing recovery controller comprising:

an early error detector for receiving an input of phase estimates corresponding to a
window set being offset in time prior to said synchronizing windows and defining said phase
estimates so received as early phase estimates, said early error detector determining an early
phase error of said early phase estimates based on a known set of phases of the PSK signal;

a late error detector for receiving an input of phase estimates corresponding to a window
set following the synchronizing windows in time and defining the phase estimates as late phase
estimates, said late error detector determining a late phase error of said late phase estimates
based on the known set of phases of the PSK signal;

a first comparison means coupled to said early and late error detectors for receiving an

input of said early and late phase errors, respectively, said first comparison means comparing
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out put indicative of said conparison; and a detection |ogic nmeans
interfaced with said threshold detector and said conpari son means for
identifying one of the plurality of wi ndows as receiving.-sai.d uni.gue word
i f said second

52

cunul ative correlation value is less tha#8said first cuﬂﬂlﬂllﬁ,ﬂﬂl"ﬂgﬂ“l’lml on
val ue based on said output indicative of said conmparisonf . A !
uni que word detector of claimb57, wherein said predeterm ned thireSholid s
an said early and late phase errors and providing an output indicative of the comparison and
defining said output as a window offset error; and

a timing recovery processor interfaced with said first comparison means for generating
based on said window offset error a timing adjust signal used to adjust the timing of the

synchronizing windows.

50.  The timing recovery controller of claim 49, further comprising:

an early threshold detector interfaced with the comparison means for determining
whether the window offset error is greater than a first predetermined threshold, said first
predetermined offset being indicative of a positive offset from the center of each of the
synchronizing windows;

a late threshold detector interfaced with the comparison means for determining whether
the window offset error is greater than a second predetermined threshold, said second
predetermined threshold being indicative of a negative offset from the center of each of the
synchronizing windows;

an early counter interfaced with said early threshold detector for maintaining an early
count of each window offset error determined to be greater than said first predetermined
threshold; '

a late counter interfaced with said late threshold detector for maintaining a late count of
each window offset error determined to be greater than said second predetermined threshold; and

a second comparison means interfaced with said early counter and said late counter and
said timing recovery processor for comparing said early count and said late count at predefined
times to produce an output of said comparison and defining said output as the window timing
error;

said timing recovery processor using said window timing error to generate said timing
adjustment signal.

51.  The timing recovery controller of claim 50, wherein the PSK signal comprises a sequence
of symbols such that each symbol of said sequence is transmitted over a period of time defining a
symbol interval, said window offset error being provided each symbol interval, said
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adj ust abl e threshol d. A rret a uni que word
transmitted in a preanbl e of a digi Zﬂmg[ ﬁ'"ﬂlmﬂﬂb a sequence of synbol s,
each synbol of the sequence being retate Ltor"one a set of known synbol s,
each synbol being transmitted for a duration defi ned as a synbol interval
and received by a receiver in a pluralit49of wi ndows offset in time, said
recei ver decodi ng said sequence of synbols so-received to produce a
sequence of binary data, said unique word having a uni que sequence of

bi nary data associated therewith, the method conprising the steps of:
accunul at i sgmmuszguesystenr transmithing\suid/sedaemse of symbols during a@krdied ofginsrdefining a

or ovi . SRR ar S8 SecoR 2 mpariPn e TOMER TR lpul ot nd i s o
sequences @ie ﬁmmgrrgeodatyagnmuer ﬁmhelewn[ﬁisa@ ng each subsequent sequence of

binary data to said uni que sequence of binary data; rovidin
measure of sai d2CBHPRCEUMYIAqTdptedaged “@ﬁbﬁ%cfﬁ‘@ﬁf‘ CORPRMESORMERS for accumula

sel ecti ng %aﬁﬁw&ﬁ?ng(ﬁm@ forh mdél&@nxgéd’mﬂ&e?oﬁéw@ 4 neasure of
correl ation; enera tection signal identifying one of

said pluralit y @ﬂhr@shﬁmnamtmm@@d ivdthusaiddimingecamindaterforeomparingithed upon
said sel ecmdo%\?%ﬁ& efror so accumulated with a predetermined error threshold and causing said
timing recovery processor to generate said timing adjust signal when an absolute value of said

accumulated window timing error exceeds said predetermined error threshold.

52.  The timing recovery controller of claim 50, wherein at least one of said first and second

comparison means is a subtractor.

53.  The timing recovery controller of claim 50, further comprising:
an adder interfaced with said early and said late counter for adding together said early
and late counts to provide an output indicative of the signal quality of the PSK signal so

received.

54.  Inacommunication system in which a PSK signal comprising a sequence of symbols
forming a unique word, each symbol of said sequence being transmitted over a period of time
defining a symbol interval, said PSK signal being transmitted and subsequently received by a
receiver in a plurality of window sets defined by said receiver, said window sets being offset in
time, said receiver generating phase estimates of the PSK signal so received and detecting said
unique word in one of said window sets based on said phase estimates and defining said one
window set as synchronizing windows, a method for adjusting the timing of said synchronization
windows to improve the reception of the PSK signal comprising the steps of:

defining a window before each of said synchronizing windows as an early window;

defining 2 window after each of said synchronizing windows as a late window;
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61. The nethod of claim®60, wherein said step of generating said _
detection signal is carried out only if said measure of correlation exceeds
a predeterm ned threshol d. 62. The net hod of claim 60, whereinthe step-——--

of selecting said sequence of binary data having the highest ”mg
correl ati on conprises the steps of: 50 adding a nunber of IHHI””"’
measures of correlation together resulting in a cunmulative corfyeleaaticons g "'y
val ue for each sequence of binary data,;
53 determining a phase offset for each of said early and late windows based on a known set
of phases of the PSK signal and defining said respective offset as an early window offset and a
late window offset;

comparing said phase offset corresponding to said early window and said phase offset
corresponding to said late window and producing based on said comparison an output defining a
timing offset; and .

adjusting a timing of said synchronizing windows relative to said symbol interval, based

on said timing offset.

55.  The method of claim 54, wherein said PSK signal is received over a period of time
defining a slot, the method further comprising the steps of:

providing one timing offset after each slot in which said PSK signal is so received;

accumulating said timing offsets for a predetermined number of slots; and

said step of adjusting said timing of said synchronizing window being carried out only if
an absolute value of said timing offsets so accumulated exceed a predetermined timing offset
threshold.

56.  The method of claim 55, wherein said step of adjusting said timing of said synchronizing
window comprises the steps of:
. delaying said synchronizing window if an absolute value of said accumulated timing |
- offset exceeds said predetermined timing offset threshold and said late window error is greater
' thansmd early window error; and
| advancing said synchronizing window if an absolute value of said accumulated timing
offset exceeds said predetermined timing offset threshold and said early window error is greater
than said late window error.

57. A unique word detector used in a digital communication system in which a digital signal
comprised of a sequence of symbols is transmitted, each symbol of the sequence is related to one
of a set of known symbols, each symbol being transmitted for a duration defined as a symbol

interval and received by a receiver in a plurality of windows offset in time, said receiver
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conmparing each cumul ati-ve correlation value to a nost previous cumul-ative -
correlation value until one cumul ative correlation value is | ess than a
nmost previous correl ation val ue and defining that nost previous cumulative

correlation value as the highest cumul ative correl ation;
defini ng one sequence of binary data coBlesponding to tthﬂu "'B!""IHH””",
nunber of measures of correl ati on added together to form t*hech ts =
curmul ative correlation as the sel ected sequence of binary data.

decoding said sequence of symbols so received to produce a seqﬁence of binary data and said
digital signal being transmitted with a unique word having a sequence of pre&etermined symbols,
the unique word detector, comprising:

a correlator for receiving successive sequences of binary data, each successive sequence
being related to one of said windows, said correlator comparing each said successive sequence
so received with said unique word to generate a measure of correlation between said sequence of
binary data and said unique word, said correlator providing an output of successive measures of
correlation;

a delay means interfaced with said correlator for receiving said successive measure of
correlation, said delay means accumulating a predetermined number of successive measures of
correlation together to form a first cumulative correlation value and accumulating said
predetermined number of successive measures of correlation to form a second cumulative
correlation value such that at least one of said successive measures of correlation used to form
said second cumulative correlation is received By said delay means after said successive
measures of correlation used to form said first cumulative correlation value; and

a window detector interfaced with said correlator and said delay means for comparing
each said measure of correlation to a predetermined threshold to determine whether said unique
word has been received by said receiver and for comparing each first and second cumulative
correlation value to each other to identify in which of said plurality of windows said unique word
has been detected.

58. The unique word detector of claim 57, wherein said window detector comprises:

a threshold detector interface with said correlator for comparing each said measure of
correlation to said predetermined threshold to determine whether said unique word has been
received by said receiver;

a comparison means interfaced with said correlator for comparing each said first
cumulative correlation value and said second cumulative correlation value and providing an
output indicative of said comparison; and

a detection logic means interfaced with said threshold detector and said comparison

means for identifying one of the plurality of windows as receiving said unique word if said
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second cumulative correlation value is less than said first cumulative cortelation value based on

said output indicative of said comparison.

59.  The unique word detector of claim 57, wherein said predetermined threshold is an
adjustable threshold.

60. A method of detecting 2 unique word transmitted in a preamble of a digital signal having
a sequence of symbols, each symbol of the sequence being related to one of a set of known
symbols, each symbol being transmitted for a duration defined as a symbol interval and received
by a receiver in a plurality of windows offset in time, said receiver decoding said sequence of
symbols so received to produce a sequence of binary data, said unique word having a unique
sequence of binary data associated therewith, the method comprising the steps of:

accumulating a sequence of the binary data;

correlating said sequence of binary data to said unique sequence of binary data;

providing a measure of said correlation;

accumulating subsequent sequences of binary data;

correlating each subsequent sequence of binary data to said unique sequence of binary
data; |

providing a measure of said correlation for each subsequent correlation;

selecting one sequence of binary data having a highest measure of correlation; and

generating a detection signal identifying one of said plurality of windows in which said

unique word is detected based upon said selected sequence.

61.  The method of claim 60, wherein said step of generating said detection signal is carried
out only if said measure of correlation exceeds a predetermined threshold.

62.  The method of claim 60, wherein the step of selecting said sequence of binary data
having the highest measure of correlation comprises the steps of:
adding a number of consecutive measures of correlation together resulting in a

cumulative correlation value for each sequence of binary data;
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comparing each cumulative correlation value to a most previous cumulative correlation
value until one cumulative correlation value is less than a most previous correlation value and
defining that most previous cumulative correlation value as the highest cumulative correlation;
and | _

defining one sequence of binary data corresponding to the last of the number of measures
of correlation added together to form the highest cumulative correlation as the selected sequence

of binary data.
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DIGITAL DEMODULATOR WITH FREQUENCY AND
TIMING CONTROL

Abstract of the Invention

A digital demodulator and method for demodulating
digital data representing a phase shift keyed (PSK) signal
are provided. The demodulator comprises a phése detector,
automatic frequency controller, automatic timing recovery
controller, data deccder, and unigque word detector.
Acuording to the method of the present invention, a PSK
signal is received and digitized to substantially remove the
signal’s amplitude characteristics. The phase detector
receives an input of the digital data and based upon
transitions in the data from a high state to low state and
from a low state to a high state, provides phase estimates.
The phase estimates are converted by the data decocder into
binary data representing the symbols transmitted to form the
PSK signal. A number of overlapping windows of digital data
are used to determine phase estimates. The unique word
detector receives an input of binary data from the data
decoder and using a correlation technigue identifies one set
of windows which substantially maximizes synchronization of
‘the demodulator with the received PSK signal. After the
synchronizing window has been identified the automatic
frequency controller monitors any frequency drift of the PSK
signal and corrects the phase estimates based on the
frequency error. The automatic timing recovery controller
uses the corrected phase errors from early and late windows
with respect to the synchronizing window to adjust the timing
of the synEhronizing window by advancing or delaying the
demodulator’s symbol timing signal to further maximize
synchronization with the received PSK signal.
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PHASE ESTIMATION AND SYNCHRONIZATION USING A PSK DEMODUL'ATO-R

Cross-Reference to Related Applications

This application is related to copending
applications Serial No. 08/013,625, filed February 4, 1993,
which is assigned to the same assignee and is incorporated
herein by reference.
Field of the Invention _

" The present invention relates generally to the
demodulation of digital signals and more particularly to the
demodulation of quadature phase shift keyed (QPSK) signals.
Background of the Invention

Presently, the design of commercial cordless
telephone systems is based primarily on analog signal
processing and transmission techniques. The use of digital
techniques in other transmission systems have resulted in
improved system performance due to a reduction in signal
interference and noise achieved using digital technigques. It
is, therefore, desirable to incorporate digital signal
processing and digital transmission technigues in the next:
generation cordless telephones. X

h Such cordless telephone systems typically include a
battery powered portable station (handset) and a base
station. The base station is optimally connected to other
telecommunication networks. Although the invention may be
used in any digital transmission system, its use will be
described herein for application in digital cordless

telephone (DCT) systems.

Communication channels between the handsets and
base stations in DCT systems may be set up using slotted
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PHASE ESTIMATION AND SYNCHRONIZATION USING A PSK DEMODULATOR

Abstract of the Invention

A digital demodulator and method for demodulating
digital data representing a phase shift keyed (PSK) signal
are provided. The demodulator comprises a phése detector,
automatic freguency controller, automatic timing recovery
controller, data decoder, and unique word detector.
Accvording to the method of the present invention, a PSK
signal is received and digitized to substantially remove the
signal’s amplitude characteristics. The phase detector
receives an input of the digital data and based upon
transitions in the data from a high state to low state and
from a low state to a high state, provides phase estimates.
The phase estimates are converted by the data decoder into
binary data representing the symbols transmitted to form the
PSK signal. A number of overlapping windows of digital data
are used to determine phase estimates. The unique word
detector receives an input of binary data from the data
decoder and using a correlation technique identifies one set
of windows which substantially maximizes synchronization of
‘the demodulator with the received PSX signal. After the
synchronizing window has been identified the automatic
frequency controller monitors any freguency drift of the PSK
signal and corrects the phase estimates based on the
frequency erroxr. The automatic timing recovery controller
uses the corrected phase errors from early and late windows

with respect to the synchronizing window to adjust the timing

of the synéhronizing'window by advancing or delaying the
demodulator’s symbol timing signal to further maximize
synchronization with the received PSK signal.

FIGURE 7
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