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DIGXTAL DEMODULATOR WXTH Fll2QU2NCY 
ARD TDIXHG COH'TB.OL 

Crosa-aafarenoe to aelata~ Applications 
This application is related to copendin9 

applications serial No. OB/013,625, filed February 4, 1993, 
which is assigned to the same assignee and is incorporated 

5 herein by reference. 

Field of the Invention 
The present invention relates generally to the 

demodulation of digital signals and more particularly to the 
de~odulation of quadature phase shift keyed (QPSK) signals. 

10 Bac1tg~oun4 of t.he :tnvantiors 
Presently, the design cf commercial co~dless 

telephone systems is based pri~arily on analog siqnal 
processinq and transmission techniques. The use of diqital 
techniques in other transmission syste~s have resulted in 

15 improved 5yste~ performance due to a reduction in siqnal 
interference and noise achieved usinq diqital techniques. It 
is, therefore, desirable to incorporate diqital signal 
prc;tcessing and digital transmission techniques in the next 
qeneration cordless telephones. 

20 Such cordless telephone systems typically include a 
battery powered portable station (handset) and a base 
station. The base station is optimally connected to ether 
telecommunication networks. Although the invention Day be 
used in any ·digital transmission syste~, its use will be 

25 described herein for application in digital cordless 
telephone (OCT) systems. 

commuhication channels between the handsets and 
base stations in OCT syste~s may be set up using slotted 
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ALOHA, ~ well kno~n TOMA (ti~e division multiple access) 

technique. The OCT system may communicate, for instance, 
using TOD (time division duplexing) tor transferrin9 
information between the handsets and the base station. It 1& 

5 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 linl< between the base stAtion and a particular 
handset. once all of the control 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. 

15 

diqital 
(PSK). 

A common form of digital communication employs a 
modulation technique known as Phase Shift Keying 
In PSK 1 the phase of a carrier signal is switched 

between two or more values in response to binary data 
representing the information to be commu~icated. Where only 
two transmit phases are provided1 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 

"l" and switched to 0° in response to a binary "0". This 
technique is known as phase reversed keyinq (PRK). The PRK 
~aveform can be written as 

25 

<P, (t) = A sin(w,t) 

¢z (t} = -A sin (wet) 

where ~c is the angular frequency 
are the phases of the PR:K signal. 
to equations (1) and (2) is shown 

(l) 

(2) 

of the.carrier and., and 92 
The PRK waveform accordinq 

in Fiq. 1. 

To increase band~idth efficiency (the nwnber ot 

30 bits transmitted per unit of time), a technique kno\tn as 
quadature PSK (QPSK) is used. ln QPSX each transmit phase 

represents two bits of data thereby increasing the amount cf 
datn that can be transmitted over each phase interval. The 

advantaqe of QPSK modulation is that both the in-phase (I) 
35 and the quadature (Q) portions of the carrier siqnal can be 

modulated and combined to form the QPSK signal. For 
instance, Fig. 2a. shews an unmodulated phaser of the carrier 

- - ----·--····---·--- -- -----·--·-···--·- ··-··-·· --·--·--· ----
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siqnal. Fiqs. 2b and 2c show the modulated carrier of each 
the I and Q portions of the carrier signal respectively. The 
QPSK si9nal can be represented by: 

l/ll = A COS (wet) (3) 

5 t/>2 • -A sin ("'ct} C 4 ) 

C'/JJ = -A cos Cwct) (5) 

(6) 

The phaser diagram shown in Fi9. 2d results trom 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 de~odulator. As shown, the QPSX carrier siqnal is 
received and filtered by bandpass filter 500. Filter soo 
rejects undesirable adjacent channel interference and thermal 
noise. Typically, automatic gain control (AGC) 502 is 

15 utilized to adjust the ener9y level of the received siqnal. 
In a TOMA system, large burst-to-burst level differences 
arising from downlink fading due to atmospheric attenuation~ 
distance and scatterinq can vary siqnificantly. ·Thus AGC 502 
detects the peak power of the received siqnal and provides 

20 feedback to the receiver so that the receiver's amplifier 
levels can be adjusted accordinq to the strenqth of the 

received si9nal. Power divider 504 is provided to cOll\pensate 
for the power level difference in the carrier phase and bit 
timin9 recovery circuits 506 and 508 respectively. 

JO 

The carrier phase recovery circuit 506 extracts the 
I and Q signal componemta 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 
<~ct) 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 ~nergy of the down converted siqnal 
over each time interval according to a well-known 
relationship: 

--------·--­·-···------------------ ----- -------
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where f(t) is the ~ignal (i.e., ideally f(t) = ¢1, ~2, ~J or 
~4 over the interval tl to t2) and E is the energy of the 
signal over the time interval tl to t2. Since there are two 

transmit phasns fo~ Aaeh ef the I and Q signals and they are 

5 separated by a 180° phase shift. the phase of the si9nals 
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 
10 signal corresponds to transmit phase '2 (equation 4) is 

greatest and when the detected energy of the in-phase siqnal 
is +E the probability that the received signal corresponds to 
transmit phase ~4 (equation 6) is greatest. Simi1arly, 
Figure 4 shows that when ~he detected energy of the quadature 

15 siqnal 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 siqnal corresponds to ~1 
(equation 3) is greatest. 

20 Referring aqain to Fiq. J, I and Q decision 
circuits 520 and 522 determine the transmit phase of the 
received siqnal 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 

25 520 a1 • .- "522 is then combined into a sing-le serial stream of 

binary data by the parallel-to-serial converter 524. 
In most transmission systems, including OCT 

systems, communication between a receiving unit and a 
transmitting unit requires burst synchronization. such 

JO synchronization is typically accomplished by providinq the 
de~odulated 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 ti~ing with tha received psk signal to that 

35 the demodulator can decode the received syinbols. · 

It is well known to fine tune the demodulator's 
tiJninq to the received symbols during operati~~--!~--~-----------·-
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continuous mode to. optimize system performance and reduce 
error. Such fine tuning ~ay be provided by the sytnbol ti~inq 
recovery circuit 508 shown in Figure 3. A typical symbol 
timing recovery circuit would determine within which time 

5 intervals the maximum amount or enerqy is received. Those 

intervals should correspond to the syuibol interval$ 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 siqnal so that the decision corresponds 

10 to only a single symbol. 

15 

It has been found that the analoq de~odulatcr of 

Fig. 3 can be simplified by diqitizing the integration and 
decision functions. Fig. 5 is a block diagram of such a 

digital demodulator. 
After demodulating the received signal usinq mixer 

530, the PSK signal is sampled at a frequency greater than 
twice the Nyquist frequency, where the Nyquist rate is the 

hi9hest frequency of the down converted PSK signal. It has 
been found that by determining the zero-crossinqs of the 

20 signal with respect to time and referencing the zero-crossinq 
to a reference transmit phase, the phase of the received 

siqnal can be determined. Waveform diqitizer 532 samples the 

down converter signal represented in Figure s generally at 
536. Tha zero-crossing di9ital siqnal processor (DSP) 534 

2S es~imates the ~~~o-crossings of the sampled waveform and then 

compares them to ~hose of each of the possible transmit 
~aveforms to deterioine the phase of the received signal. 

However, this technique can become quite 

eo~plicated due to the iterative curve fitting for 
30 trigometric functions which is necessary to determine the 

phase of the received siqnal. Furthermore, noise, 
intersymbol interference, and timinq ~isaliqnment deqrade the 

received siqnal so that only a best curve rather than an 
exact curve can be identified. 

35 To avoid these problems, a phase progression 
diqitizinq tachniqu2 has been suqqested. This technique. 

bypasses the waveform digitizer 532 and the complicated zero-
----·-·---------- ····---------------- ·-
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crossing DSP 534 by directly digitizing the signal phase. 
This technique uses a counter to count each cycle of the 

received PSK siqnal, either on up-crossings or on down­

crossings. A.fixed sample rate is selected to be at least 
5 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
cross.ing or down-crossing, in tiae. Thus the phase of the 

received signal is determined by co~pa~inq 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 beccmes a system cf parallel lines where each 
line corresponds to one of the possible transmit phases. 
Using this technique all amplitude information is discarded 

and trigometric curve fittinq can be avoided. 

20 Unfortunately, this technique has several 
limitations as well. In particular, the sampling frequency 
in such a sche~e is critically linked to the signal frequency 
in that a sample must occur on either upward zero-crossings 
or downward zero-crossin9s. Thus, whenever the signal 

25 underqoes frequency drit~. which is well know to occur in 
communication systems, or frequency changes for other 

reasons, the sample rate will require constant adjustment to 
track such frequency changes. 

Accordingly, a need still exists for a diqital 
30 demodulator w~ich can detect the phase of the received signal 

re9ardless of frequency'chanqes and drift of the received PSK 

signal, which is relatively inexpensive and simple to 
bnplement. 

summary of the ~nventicn 

35 The present i~vention fulfills this need by 

providing a diqital demodulator ~nd A method for de=odulatinq 

digital data. According to the present invention, the 
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diqital demodulator co~prises a phase detector which accepts 
an input of diqital data formed by samplinq a received anal09 
PSK siqnal and converts the digital data into phase estimates 

based on transitions in tha digital data. The phase 
5 estimates are then converted to pha~e data indicative of the 

trans~itted information by a data decoder. 

In a preferred embodiment the digital data is 
grouped into overlappinq windows of data. The digital 
demodulator according to this pref erred em~odi~eht comprises 

10 a unique word detector, a timing recovery controller, and e 
frequency controller. The decoded data is output to the 

unique 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 siqnal 

15 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 

20 phase error. Since a change in phase error over a syiubol 
interval is ind~cative of frequency drift, the frequency 
controller detennines a frequency off set from time to ti~e ta 
track the frequency of the received PsK signal. 

The timinq recovery controller uses the frequency 
25 offset to adjust the phase error ,.termined after each symbol 

perioa. If the symbol timing of the demodulator was 
synchronized with the ti~ing of the received symbols, the 
phase error would approach zero. When the phase error, 
however, is gre~ter than some predetermined threshold, the 

30 timing of the demodulator must be advanced or delayed to 
synchronize with the timinq of the received symbols. The 
timing recovery controller comprises early and late counters 
for ~aintaining a count related to the p~ase er~or in an 
early ~indow 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 erro~ in the late counter is greater than 

iThi•111li~1 ~ii1i1il1!11acec 
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the phase error in the early counter the ti~ing of the 
demodulator is delayed. 

In a further preferred embodiment, the phase 

detector comprises an instantaneous phase decoder, 
S instantaneous phase estimator, and a differential decoder if 

the transmitted signals are differentially encoded. The 
instantaneous phase decoder identities vhen transitions occur 
in the diqital data. ~he instantaneous phase estimator 
esti~ates, based on wben the transitions occur, the 

10 instantaneous phase of the received signal and averages a 
number of instantaneous phase eati~ates together. The 
differential decoder computes the phase difference between 
consecutively received symbols based on the phase estimates 
corresponding to windows having the same timing. 

15 In still another preferred embodiment, the diqital 
data is formed by limiting the received analog signal and 
sampling the limited siqnal thereby removing substantially 
all amplitude characteristics from the received PSK signal 
prior to demodulation. 

20 Brief Description. of ttle Drawiuqs 

The piesent invention will he better understood, 
and its numerous object~ and advantages will become apparent 
by reference to the following detailed description of the 
invention when taken in conjunction with ~t~ following 

25 drawings, in which; 
Fi~ure l graphically represents a PRK ~aveform; 
Figure 2 shows a phaser diaqra~ of a QPSK siqnal; 
Fiqure· 3 is a block diaqra= of a QPSK da•odulator 

according the prior art: 
JO Figure 4 shows enerqy detection envelopes of QPSK 

symbols; 

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

Fiqure 6 is a phase progression plot cf a PSK 
3 S waveform; 

-·-------~--------····------
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Figure 7 is a block diagram of a diqital 
demodulator according to the preseht invention; 

Fi~ure e shows the signal input to and siqnal 

output from a li~iter a~plif ier; 
5 Figure 9 is an eKample of a window/symbol timing 

using four windows per symbol period; 
Figure 10 is a timinq diaqra~ showing a desired 

! ·' timinq adjustment for fine tuning demodulator 

.. 

I• 

synchronization; 
10 Figure 11 is a blo~k 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: 
15 Fiqure 13 is a block dia9ram of a preferred 

embodiment of an instantaneous phase estimator accordinq to 

the present invention; 
Figure 14 is a block diagram of a preferred 

embodi~ent of a differential phase detector according to the 
20 present invention; 

Fiqure 15 is a block diagram of a preferred 

ilnple~entation of the instantaneous phase estimator, 

differential detector and data decoder according to the 
present invention; 

25 Figure 16 graphically depicts a symbol pha~~ shift 

of nearly 360° with reference to a synchronizing window 
according to the present in~ention; 

Figure 17 shows an exe~plary sequence of digital 
data and denotes transitions occurrin9 within that sequence; 

JO Fiqure 18 qraphically depicts quadrant and octant 

mapping for a "/4 QPSK signal accordinq to the present 
invention; 

Piqure 19 is a block diaqram of a preferred 

embodiment of an automatic frequency controller according to 

JS the present invention; 
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Figure 20. is a block diagram of a preferred 
implementation of the automatic frequency controller 
a~cordinq to the present invention; 

Figure 21 is a block diaqram of a preferred 

s embodiment of an automatic timing recovery controller 

according to the present·invention; and 
Fiqure 22A is a flowchart of the AFC and ATRC 

software routine accordinq to tha present invention1 
Figure 22B is a flowchart of the ATRC software 

10 routine according to the present invention. 
Fiqure 23 is a block diaqram of a pref erred 

·embodiment of a unique word detector according to the present 
invention. 

~•~ailed Doseription 
15 fiq. 7 shows a block diagram of a portion of a 

radio frequency (RF) receiver/siqnal processor, generally 
designated 20, including a digital demodulator constructed in 

accordance with the present invention. Such a receiver has 
the advantaqes of low cost, low complexity and low power 

20 consumption. The overall function of the receiver is to 
recover digital data from an analog input siqnal (IF IN) and 
pass such diqital data to a central processor 22. IF IN~ in 
the preferred embodiment, is a ~/4 differential coded 

quaternary phase shift keyed (OQPSK) siqnal in analog form. 
25 IF IN is an analog transmission representative of vario~s 

phase represented symbols. IF IN is transmitted at a given 

symbol rate. Each phase syiubol is representative of a set of 

di9ital data, Le., a pat;ticular bit sequence. Although the 

arranqement shovn in Fig. 7 is a eom~ination analoq/di9ital 
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 
~odule 28. Down converter 24 serves to do~n convert IF IN 

JS from a received frequency of appro~i~ately 250 MHz to a low 
IF signal of approxima~ely l.152 MHz. Limiter 26 serves to 
both limit the low IF si9nal or down converted si9na1 and 
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sample the ?ignal at a sample rate which is at least the 

Nyquist rata of the down converted signal. 

Demodulator module 28 recovers a differential phase 
signal from the samples generated by limiter 26. such 

S recovery occurs by removing frequency and ~hasa error to 

optimize the detection of phase information from the 

differential phase signal. once ditferential phase 
in!ormation is recovered from the down converted siqnal, 
phase 5ymbols can be determined and converted into actual 

10 di9ital data output to processor 22. 

Oo~n converter module 24 ls shown to include 
bandpass filters 30, 32 and 34 and mixers 36 and ls. Filter 

JO eliminates out-of-band signals1 includinq spurious mixin9 

images and other channel transmissions 1 if any, reduces 

is noise, and shapes the desired siqnal. Filter JO exhibits a 

response roughly approximating an optimal "matched" filter to 
a filter used prior to transmission. 

It will be appreciated that the down conversion of 
I~ IN is achieved by passing the signal through mixers 36 and 

20 JS. 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-interfe~ence characteristics. A more detailed 

25 explanation of the frequencies selected and the 
considerations relating to such selection may be found in 

copending application Serial No. 08/013,625, filed 

JO 

February 4, 1993. In the preferred embodiment mixer 36 down 
converts IF IN to at>proxil'nately 10.7 MHz. 

Filter J2 qenerally performs the sa~e function as 
filter JO, namely image rejection, noise rejection and siqnal 
shapih9. Mixer JS provides the final down conversion of IF 
IN to approximately l.152 MHz. Filter 34 is a discrete 
inductor-capacitor (LC) filter which primarily eliminates 

35 mixing products occurriny durin9 the down conversion process. 

The pri~ary function of limiter 26 is to convert 
the down converted and filtered IF IN analcq si9nal 1 output 
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The primary function of limiter 26 is to convert 

the down converted·and filterea IF IN analog signal, output 
froa filter 34, into a digital siq~al without the use of an 
analog-to-digital converter. The digital siqnal generated by 

5 limiter 26 is thereafter provided to demodulator module 28 

for further processing. 
As shown in Fiq. 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 

10 generate an output havinq an upper limit, and any ne9ative 
i'nput will generate an output having a lover limit. 
Amplifier 40 converts the down converted siqnal to a discrete 
signal having a value of A for all positive analoq input and 
a value ct B for all neqative analog input. An example ct 

15 the output of amplifier 40 is shown in Fig. a. 
sampler 42 samples the discrete siqnal output from 

amplifier 40 thereby providing a digital output signal. 
Prefe~ably, the sample rate and the period of IP IN in 
limiter 26 are relatively prime integral digital •ultiples of 

20 the S,Ylnbol 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 
Nyquist rate of the down converted signal). In a preferred 
embodiment the sampling rate is approximately 19.2 MHz. It 

25 is noted that the digital signal generated by limiter 26 does 

not contain any infonnation pertaining to the amplitude of 

the IF IN signal (i.e., the ma9nitude of the received DQPSK 
signal). Since the digital output represents when down 
converted signal transitions from positive to negative and 

30 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 Tecovery of 

the oriqinally transmitted phase symbols which in turn 

permits recovery of the original di9ital data. 
35 As shown in Fig. 7, de~odulator 28 includes phase 

detector 44, automatic frequency controller (AFC) 46, 
automatic timing recovery controller (ATRC) 48, data decoder 

This Sheet Has Been Replaced· 
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so, unique word de~ector 52, and inter!ace controller 54. 
Processor 22 is coupled to demodulator ~odule 28 vi~ the 

interface cont~oller 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 

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

15 the instantaneous phase estimates generated 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 t~ ATRC 48 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 unique word 
detector 52. In a preferred embodiment, demodulator 28 is 
capable cf operating in at least two modas, a burst ~ode and 

25 a continuous mode. In such an embodiment, phase detector 44 
provides phase estimates at N ti~es the symbol rate, where N 
is an inteqer l, 2, 3, •••• Phase detector 44 provides a 
phase estimate over a predetermined number .o! 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 pref erred for phase detector 44 to define N 
overlapping windows for each symbol interval. In such an 
embodiment, detector 44 computes an avera9e phase for each 
window resulting in the provision of N averaqe phase 

35 estimates pe~ symbol period. 

Fi9. 9 graphically depicts the overlappinq ~indows 
per symbol interval concept. In this depiction four windows 

Thi•1lf ill iii1l1Ul1rmred 



.. 

I 
I 
I 

I. 

[ RECEIVED e2/23 es:s2 1996 AT 535~86~ PAGE 19 (PRIMTED PAGE 19) ] 
02/22/96 16:56 WOODCOCK WASHBURN ~ 5354864 N0.098 P019 

W0941165U PCT /US93/Uff7 

- 14 -

have been defined per symbol interval. Each window has a 
duration of 1/2 syiilbol interval. Consequently a phase 
estimate is computed every l/4 of a symbol interval. Fcur 
symbol intervals are shown, t 0 to t 1 , t, to tz, t 2 to ~' and 

5 t3 ta t,. one l\ymbol t/>01 ~,, ~2 or 4'3 is transmitted during 
each symbol interval, respectively. Sets of windows WA, W1 , 

We and w0 are shown overlapping (hereinafter reference to a 
set of windows means, all the windows havinq the timing of 
one of the windows Wa, W8 , We or WD. 

10 To synchronize timinq of demodulator 28 with XF IN, 
the received siqnal, demodulator 26 determines which of the N 
windows in each symbol interval is most centrally positioned, 
i.e., WA in Fig. 9. This window is referred to as the 
synchronizing window. In the burst mode, unique word 

is detector 52 detects the most centered of the N windows and 
ti~inq 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 timinq and 

20 frequency data are used to tnake adjustments to the 
synchronizinq·~indow 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 qiven 

25 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 synchronizin9 window has ~~e advantage of 
eliminatin9 intersymbol interference. To substantially 

JD center window w. it must be delayed 2 sa~ples as shown by the 
dashed line WA,. 

It will ·be appreciated from the above that the data 
format employed in IF IN will preferably utilize a unique 
word or preamble prior tc any data fields. In the data 

JS recovery process of demodulator 28, the unique word or 
preamble utilizad will be stored in processor 22. This 
unique word will be provided by processor ii to unique wo~d 

-----·---·-·-- - --- - ---- -- --- ----- -

Thi·11111 ~ii1i1m111mred 
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detector 52. Data decoder 50 accumulates a predetermined 

number of bits corresponding to the unique word and provides 
this aceu~ulation of bits to unique word detector 52. Unique 
word detector si then correlates the accumulated sequence of 

~ biti to the unique wor~. Based on the results of the 

correlation unique word, detector 52 will transmit a detect 
signal to processor 22 and identify the synchronizinq 
windows. 

The ATRC 48 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 timinq 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 or demodulator 28 in 
qreater 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 

instantaneous phase decoder 58 and an instantaneous phase 
esti~ator 60. If differentially coded phase shift keying 
(DPSK) is used for generating the transmit siqnal, phase 

25 detector 44 should also include a differential detector 62. 

Phase decoder SS receives an input of diqital 
samples from limiter module 26 in Fig. 7 and compares each 
digital sample with the ~ost previous sample. For example, 

assume that the value A is 11 1" and the value 11 B11 is "Ou. 'l'he 
30 input to the phase decoder 58 will be a sequence of "l"s and 

"0 11s. Since there are only two possible values for the 
input, there can be only four possible combinations of 
consecutive digital data (i.e., oo, 01, 10, 11). Phase 

decoder 58 functions to provide an output indicative of 
35 whether there is a chan9e in the consecutive values of the 

siqnal received from limiter 26 and if a chan;e has occurred 
to identify that change in the data. In a preferred 

---- - ------ -- ----- --------------
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embodiment, phase decoder SB operates according to the truth 

table listed in Table l, below. 

TADLfi 1 
input output 

00 0 

01 +l 

10 -l 

·11 0 

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

A preferred e~bcdiment of the instantaneous phase 

decoder 58 is shown in Fi9. 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 
15 limiter module. Whan the hext 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 saroe, the decoded output is a "O". When the next sample 

changes from low to hi9h the decoded output is a 11 +1 11 and 
20 from high to low the decoded output is a 11-1 11 as indicated in 

Table 1. 

In a preferred embodiment, thQ output of decoder 58 
will comprise - , bits, B0 and B1 representative of the 
information shown in Table 2. Thus, B0 will indicate whether 

25 a transition occurred between the two most previous samples 
~nd B1 will indicate what the transition was if one occurred. 

!'Al'tLS 2 

Bit Digital Explanation 
Value 

Bn l transition 
JO Bn 0 no transition 

B1 1 low tc high 

a4 0 hiqh to low 

-------------
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Instantaneous phase esti~ator 60 uses the output of 
phase decoder SB to determine the instantaneous phase of the 
received signal. Fiq. 13 is a functional block diagram of 
the instantaneous phase estimator 60. The output of phase 

5 decoder 58 is processed by first determining the absolute 

value which is extracted at ABS block 68. When the decoded 

output indicates that there has been a transition, i.e. B0=l, 

block 70 provides an output of "0" when the edge is rising, 

i.e., s 1=l, and provides an output of 11n 11 when the edqe is 

10 falling, i.e., B1::i::O. 

As described above, traditional PSK demodulatc~s 

will detect zero-crossings of tha 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 frequency as the 

received PSK signal. To eliminate the use of a reference 

signal and the associated c01t1plex and costly hardware 
required to produce the signal, a phase ramp generator 72 is 

used to provide an instantaneous phase estimate as a function 
20 of time. 

Phase ramp generator 72 provides a ramp signal 
having a period equivalent to the length of the window 
interval. 
block 70 , 

Fer each set of consecutive samples, the output o! 

i.e., the value 11 0 11 or 111T", is added to the 
25 current value of the r.); :, signal by adder 72 depending upon 

whether the edqe of the limiter siqnal is rising or falling, 
respectively. The resultinq sum is the instantaneous phase 

estimate. When a transition occurs between two consecutive 
samples, ABS block 68 provides an output of "l". When there 

30 is no transition between two consecutive samples, i.e. B0=o, 
ABS block 68 provides a 11 011

• The output of ABS block GS 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. Averaqer 76 has a timing input 

Thi•I If lill flilili11mllaced 
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78, SYMBOL TIMING 5ignal, which is used by averager 76 to 

accu~ulate the instantaneous phase estimates over each 

predetermined window interval and provide an averaqed phase 

estimate f9r each window interval. The SYMBOL TIMING 

5 siqnal 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 

10 detector 62 is shown in Fiq. 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 frcm 

averager 76 is subtracted from the 4th subsequent averaqe 

phase estimate by subtracter ao to determine the average 

15 differential phase shift from.consecutive correspondinq 
windows. 

In ether words, an average phase estimate is 

determined over each of the windows w,, W9 , We, and W0 during 

each symbol interval. The average phase estimate generated 

20 for window Wa during the time interval t 0 to t, is delayed by 

symbol delay block 82 shown in Fig. 14 until the average 

phase estimate·generated during the interval t 1 to t 2 is 

provided by averager 76. The avera9e phase estimate from the 

interval t 0 to t, is then subtracted from the average 

25 estimate from interval t 1 to t 2 ;._ subtracter BO, resultinq 

in an average differential phase between the symbols ~o and 

¢1 • 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 S:ylnbols are selected such that 

one symbol corresponds to a phase between 0° and 90~. a 

35 second corresponds to a phase between 90° and iao 0 , a third 

corresponds to a phas~ between 180° and 210•, and the fourth 

ccrreapcnds to a phase between 270° and 360° 1 tne 
--·--------- ----·- ---·- -----·-
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instantaneous phase estimator 60, differential detector 62 

and data decoder 50 are preferably implemented ~s shown in 

Fig. 15. 

Phase counter 84 is initialized to zero 

5 substantially at the beginning of each window period by a 

~indow start signal, i.e., counter 84 repetitively counts 

over each quarter SYlllbol interval. Phase counter 84 is 

incremented on each clock signal f ~ which corresponds 

preferably to the sampling rate of limiter 26. 

10 Processor 86 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 loqic 

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

detected, i.e., B0:1, the output of the AND qate 88 will 

15 beco~e logic high thereby enabling accumulator 90. When the 

edqe count exceeds fiver the output of processor 86 to AND 

gate 88 will beco~e logic low thereby disabling accumulator 

90. Accordinqly, each time an edge is detected as indicated 

by the DETECT signal, i.e., bit 80 of output of phase decoder 

20 SB, acewnulator 90 inputs the current value of the phase 

counter 84 and accumulates these values until five edges have 

been detected by processor 86, whereupon accumulator 90 is 

disabled. 

It is noted that if the frequency of the baseband 

25 signal was such that only five transitio~Q could oeeur during 

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

would not be required to enable/disable accu~ulator 90 

because the contents of the accumulator could be output at 

the heqinnin9 of each quarter symbol interval. 

30 The accumulated counter values are preferably 

output to delay member 92 and to adder 94. The accUJ11ulation 

of counter values for every two consecutive l/4 symbol 

periods are added by adder 94 resulting in a phase value for 

each window. 
35 When OPSK is used, each phase value is subtracted 

from the next phase value corresponding to the same window 

(e.9 •• WA, w8, We er W0 ). Acccrdinqly, the difference between 

·----·--------·--··------···-----------------

This 1li1 l1ii1ifilil1iiiced. 
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any two phase values should not exceed a number correspondihg 

to Jso•. such an operation is effectively achieved by 

differentiDl decoder 96 and format converter 98. 

Differential decoder 96 generates an average differential 

5 estimate and converter 9B converts the average differential 
estimates into a data format representative of the quadrant 

of the differential phase, the siqn of any error and the 

amount of any error. In order to more fully appreciate the 

operation o! differential decoder 96 and converter 98, 

10 certain phase shift events associated with demodulator 28 

need be considered. 

The ranqe of accumulator 90 for a full 360° phase 

shift was computed by examining the ~aximum difference in 
accu~ulations 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 cf the given window period. This 

particular detection will provide an accumulation sum of 

eighty two {0+8+16+25+)3 provided by counter 84) in 

accumulator 90. If the rising edge occurs an infinitesimal 
20 time before count zero, as shown in the lower wave form, the 

first detected edge falls on count B of counter S4 and qives 

an accumulation sum of one hundred twenty three 

(8+16+25+33+42). To make these accu~ulation sums equal, an 

offset of forty two (42) needs to be added to the first sum. 

25 In the context of the preferred embodi~ent, such an offset 

corresponds to adding a phase shift of '11 radians. ·:nerefore, 

a 2" or 360° phase shift is eiqhty four {84) counts apart. 

Consequently, the accumulated counter values in accumulator 
90 can ba used to generate infot'll\ation indicating what phase 

JO quadrant the received PSK signal falls within and the amount 

of error, if any 1 associated with the received PSK siqnal. 

For example, consider the sequence of diqital data 

shown in Fiq. 17 and assume that counter 84 is counting at 

the sampling rate of sampler 42, i.e., the pulse rate of 
35 clock fs equals the sampling rate. If this data is output 

fro~ li~ite~ module 26 and the first bit corresponds to a 

window boundary, five ~ransitions occur at counter values of 
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3, 11, 20, 28, and.36, respectively. The su~ of these five 

numbers is ninety eight (98). Assume that this data 

corresponds to the syinbol ~, and the timing of window WA in 
Fi9. 9 and that the same data would result durin9 the next 

5 1/4 symbol interval (i.e., the first half of We>• In view of 
these assumptions, adder 94 would then add together the 
accumulated counter values for both l/4 symbol intervals to 
arrive at an average phase esti•ate of one hundred and ninety 
six (196). 

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

15 symbols ~a and ~, would be eighty four or 2". Since the 

sa~plinq rate of sa~pler 42 is preferably 19.2 Mhz, there are 
app~oximately 16.67 samples per cycle of a 1.152 Mhz baseband 
data signal and since accumulator 90 is disabled every five 
(5) transitions, ten (lO) transitions (S from each halt· 

20 window) would require approxi~ately eighty four (84) samples. 
Thus phase counter 84 must be incremented from o to 41 each 
half window perio~. 

Since each average phase estimate is subtracted 
from the most previous average phase estimate correspondin9 

25 to the same set of windows, it should not be necessary to ~~d 
w for each falling edqe, i.e. when B1 is O, as described 
previously. If the first edge is rising, then the sequence 
of edges will be rising, falling, rising, fallinq, rising. 
Theoretically, ~ should he added only two times, once for 

JO each falling edge. If the first edqe is fallinq, then the 
sequence of five edges will be falling, risinq, falling, 
rising, falling, and J~ should be added to the accumulated 
counter values. Since these are the only scenarios for five 
consecutive edges, at least 2w will be cancelled when one 

35 accumulated value is subtracted from a previous one by 

differential decoder 9~. consequently, it is not necessary 
·1 to add n for each fallinq edqe. 
I --------·---
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However, where one accumulated counter value 
corresponds to a transition sequence having a falling f i~st 

edge first and the other accumulated counter value 
corresponds to a transition sequence having a rising first 

S edqe, the difference between the two aeeu~ulated counter 
values will contain a constant bias of v. Thus, in a 
preferred 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 
10 f.alling edge. This feature, may be implemented as shown in 

Fig, 15, by processor 96 providing an output of forty two 
(42) to adder 94 in the event that the first dete~ted 
transition is a falling edge. 

The difference between average phase estimates 
15 correspondinq to consecutive windows in a set of windows is 

used to determine the phas2 quadrant of the PSK signal from 

one symbol to the next. The quadrants ~ay be defined 

according to Table J below. 

20 

25 

TABLE 3 

Dif f Quadrant Symbol 
cti-..... -t/J" # 

0-20 1 00 

21-41 2 01 

42-62 3 11 

63-83 4 10 

Therefore, if the difference between the average phase 
estimates for symbols ~1 and ~o corresponding to window WA is 

twenty four (24), then the average differential phase 
represented by ~, would be in the second quadrant, i.e. the 

3 o bit sequence 11 01". 

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

J5 value. In this embodiment format converter 96 can convert 

·-----------------------
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the average differential estimates into a data format 

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

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

s are depicted graphically in Fiq. 18. The quadrants have been 
subdivided into octants. For example, where the average 

differential phase estimate is twenty four {24) as in the 
example described 
would be 0110111. 

lO second quadrant. 

above, the output of format converter 98 
The first two bits "01 11 indicating the 

'l'he third bit 11 1t1 indicates that the error 

15 

is within the first octant of the second quadrant as shown in 

Fiq. 18 and the four remaining bits ••0111 11 indicate that the 

error is seven {7) or approximately 30°. In the preferred 

embodiment, each count represents approximately 4.3°. 
In a further pref erred embodiment processor 86 

co~putes the difference bet~een the coufiter values 

corresponding to the third and fourth detected edqes. The 

computed difference and the counter value corresponainq to 

the fourth edqe are stored in the memory of processor 86. If 

20 a fifth edge is not detected by the edge counter portion of 
processor 86 at or before count eighty four (84), the 
co~puted difference is added to the fourth counter value and 

this interpolated value is provided to adder 94. Therefore, 

if the fifth edge is net detected, then the phase estimator 

25 can interpolate for that edge to generate an average phasa 

estimate. 

As indicated in Fig. 7 the averaqe 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 Fiqure 19. AFC 46 includes both hardware 

designated generally as 100 and software desiqnated 9enerally 
as 102. Preferably, AFC software 102 will reside in 
processor 22. As described previously. the frequency data 
9enerated 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 
detected. P~ocessor 22 uses this data to determine the 
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frequency error (frequency offset) ot the output of limiter 
~odule 26 during each window interval. 

The frequency off set is stored by AFC software 102 
at correction frequency store 104 and is added by adder 106 

S to each average or differential phase esti~ate provided by 

phase detector 44. This addition results in a corrected 

phase and will be described in more detail below. ~he 

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

10 The corrected phase is also provided to phase error 
detection circuit 10s. A symbol timinq input is provided by 

processor 22 to ~hase error detection circuit lOB. The 
symbol timin9 is used to select those corrected phase inputs 
that correspond to the synchronizing window identified by 

15 unique word detector 52 after detectinq the unique word, e.g. 
those corrected phase inputs corresponding to window W4 • 

Phase error detector 108 stores the corrected phase 
of the selected window and compares each phase to the 
possible trans~itted symbols. For instance in a w/4 QPSK 

20 ~odulation system, the set of transmitted symbols may include 
45D, 135°, 225°, and 315~. Thus if the corrected phase of 

the selected window is J5°, phase error detector 108 would 
identify the 45° transmit phase as the closest phase and 
calculate the difference to he -10°. 

25 Positive and negative threshold detectors 110 and 
112 determine whether the calculated difference bet~een the 
corrected phase and the selected transmit phase is greater 
than a predetermined positive threshold or less tnan a 
predetermined negative threshold, ~espectively. In the 

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

35 ne9ative counter 116 is incremented. At the end cf each 
slot, (in the preferred embodiment each burst includes five 

---------------·----
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(5) slots) the con~ents of counte~s 114 and 116 ~re output to 
AFC software 102 for processing. 

since frequency is related to phase by the 

following relationship: 
5 f {t) = df {t) /dt (8) 

where f (t} is a function of the frequency of the PSK aignal 
and ~(t} is a function of the phase of the PSK signal. Then 
the rrequency error can be determined by the following 
equation: 

10 l:lf = d!e(tn+,> - ¢eCt,.l 
t,..., - t" 

where t~1 - t" is the slot period, ~f is the frequency offset 
during that interval, and 4>~Ctn) is the phase error at those 
respective times. Therefore, the frequency offset of the 

15 received siqnal can be easily calculated at the end of each 
slot by subtracting the negative phase error maintained by 

negative counter ll6 from the positive phaGe error maintained 
by positive counter 114. If the frequency remained constant, 
as it ~ould in an ideal world, the phase error of the signal 

20 durinq the slot period should remain constant. Therefore 
~~(t~ 1 ) - ~Ctn) = o. Since the frequency does drift due to 
noise and other factors ~f represents the average off set 
frequency over each slot interval. 

At the end of each slot frequency accumulator 118 
25 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 BG). The updated 
accumulated phase error is then co~pared to a predetermined 
threshold at 122. However, it is not necessary to make such 

JO a c01nparison 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. 

35 The new offset f~equency 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 

Thi•1ifli iii1l1i11i~i"ced 
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phase. Consequentfy• this sum is useful as a lock indicator 
and a signal quality estimator. This sum is generated by 
adder 124 and passed through exponential filter 126, The 

output of filter 126 can be used as an estimate of tha lon9 

s term signal quality. 
In an especially preferred emhodi~ent, AFC hardware 

100 (excluding adder 106 and phase error detector 108) is 
implemented accordin9 to the block diagram shown in Fig. 20. 

Corrected phase error bits output f~om 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 qreater than two, threshold detector 130 outputs a 
logic hiqh siqnal and if the phase error is less than t~o 
threshold detector 130 outputs a logic low signal. The bit 

15 (the 3rd bit output by converter 98) indicating which octant 
of the identified quadrant 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. 
si9'h bit is a 11 1", then the output of the AND gate 132 will 

20 increment late counter 136. 

in the second octant, i.e. 

input lJa to AND gate 134. 

However, when the phase error is 
sign bit"" tto 11 , it is inverted at 

AND gate 134 thereafter provides 
an output to increment the early counter 140. 

As indicated previously, a corrected phase is 
~5 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 trackin9 the timing after 
the unique word has been detected, a window before the 

30 synchronizin9 window and a window after the synchronizin9 
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 

35 following the synchronizin9 window is input to the ABS late 

error detector 148. The ABS early error detector 146 and the 
ABS late error de~ector 14S preferably latch onto the 
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corrected phase and determine b~sed on its value which of the 
possible transmitted phases is closest to the value. The 
difference between the closest trans•it phase and the 
corrected phase value defines either the early er late error. 

5 since the synchronized window is optimally centered 
within a symbol interval to minimize error associated with 
datectinq, de•odulating, and decoding of the data 
transmitted, the early error and the late error are optimally 
equal, i.e. indicatinq that the aynchronized window is 

10 properly centered ~ithin 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 neqative 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 ne9ative threshold then 
neqative threshold detector 154 increments late counter 156. 

20 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 

25 resuJ~in9 difference is provided to timinq accumulator 162. 
Timing accumulator 162 during several slots of data provides 
the window timinq error accumulated therein to the threshold 
comparator 164. Threshold comparator 164 compares the window 
timinq error to a predetermined threshold. If the window 

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

For example ref errinq to the window symbol ti~ing 
dia9raro sho~n in riq. lO, assume that WA is 't.he synchronizinq 

JS window. ATRC 48 would determine that W4 is two sa~ples late 
and would provide a timinq adjust siqnal causing the phase 
detector 44 to delay the window timing by two samples. 

------------ ----·----- - -- ---- -----··---···--· ·-
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The sum of counters 156 and 158 is also 
proportional to the variance of the phase. Consequently, 
this sum ia useful as a lock indicator and a siqnal quality 
estimator. This sum is generated by adder 166 and passed 

5 through e~ponential filt~~ l~S. Th~ 6U~put of fil~er 169 can 
be used as an estimate of the lonq term siqnal quality. 

The AFC softwa~e 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 Figura 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 beqan 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 frequency offset over the 
burst is calculated at 208 b~ subtracting the values stored 
in the AFC positive counter from the value stored in the 
negative counter. The frequency difference is then added to 

25 an accumulated frequency difference, if any, at 210. The 
accumulated ft, ,,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 ~han the threshold at 212, then AFC software 

30 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 pref erred embodiment 
the sample rate is 19.2 MHz and the number of samples per 
symbol interval is 84, a l sample increment would be 

35 equivalent to a frequency adjustment of 2.285 KHz (19.2 
MHz/84). If the accu~ulated difference is negative the 
frequency offset is decremen~ed by 1 sample or 2.285 KHz in a 

-------·------------
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preferred embodime~t. After the frequency offset is adjusted 
at ~ither 216 or 218, the accumulated frequency difference is 

cleared to zero at 220. The frequenc~ offset is then output 

from the processor 22 to the AFC and ATRC hardware as 

5 described ahove. 

The ATRC software is executed according to steps 

224 to 238 in Fiqure 228. The timing offset is determined 

at 224 by subtracting the ATRC early counter from the ATRC 
late counter. The timinq offset for each burst is then 

10 accumulated at 226. The absolute value of the accumulated 

timing offset is compared to a predetermined threshold at 

228. ~hich is preferably set to 4. If the absolute value of 
the accumulated timinq offset is greater than 4, then the 

window synchronization requires an adjustment. This 
15 adjustment is imple~ented by processor 22 by incre~enting the 

prccassor's bit timing mechanism tharaby 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 timinq offset is 

20 neqative, the processor's bit timing clock is dec~emented 

(shown at 2JO and 232) to advance the SYMBOL TIMING signal 

output from processor 22. After an adjustment tQ the bit 
ti~ing clock has been implemented, the accumulated timing 
Offset is cleared at 236. 

25 The adjustmen~ to the processor's bit timing clock 
is output from the ATRc ~oftware after each burst. It no 
adjustment is required as deter~ined at 228, a zero is output 

at 23B. 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 1 data detector 50 converts 
the corrected phase into its correspondinq binary symbol 
representation. Before a synchronizing window has been 
identified, a number of symbols are aecumulated to form a 

35 sequence of binary data to be compa~ed to the unique word by 
unique word detector 52. Since the symbol boundaries are not 
known a prjori, sequences must be ganeratad corresponding to 

--------·- --·------------------
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each of the windows. For example, referrinq to Fi9. 9, if ¢ 0 
~ "/4, ~, m -"/4, $z - -Jw/4, and ~l = Jw/4, then the 
respective symbols can be "00 11 , "10 11 , 11 11 11 , and "01'' 
resulting in a binary sequence of 11 00101101 11

• 

s Since each window WA, W1 , We, and W11 , is used to 
compute the phase estimate of the received PSK siqnal, a 
sequence of bin~ry data would be generated for each window. 
Due to intersY111bol interference, only the phase estimates 
from each window WA ~ould ba likaly to ba decoded accurataly. 

10 Therefore, data decoder 50 must decode each phase estimate 
and provide a sequence of data equivalent ih lenqth to the 
unique word, (e.g. if the unique word has J symbols with two 
bits per SYl!lbol, then the length is 6 bits} to unique word 
detector 52. Furthermore, since it is not known a priori 

15 when the unique word has been received the sequence must be 
advanced by one symbol for each of the N windows. For 
instance using the sequence of Sz'lilbols dascribed above d~ta 
decoder 50 would t~ans~it the following to the unique word 
detector in the order listed: 

20 001011 (assuming negligible intersymbol we = 

WA = 
We = 

interference and noise) 
001011 (assuming negligible noise) 
001011 {assuming ne9liqible intersymbol 
interference and noise) 

25 ?????? (on symbol boundary) WD === 

We =-

WA = 
= 

101101 (assuming negligible intersymbol 
interference and noise} 
101101 (assu~inq neqligible noise) 
101101 (assL.:"~ 1 ~g negligible intersymbol WC 

JO interference and noise) 
WP = ?????? (on symbol boundary) w, = 1101 ••• 

After the unique word is detected by unique word 
detector 52 only data from the synchronizing window is 

35 decoded. The decoded data is then output to processor 22 for 
data processing. 

A block diagram of unique word detector 52 is shown 
in Fi9ure 23. Correlator 170 receives an input of binary 
data from data decoder so and the predetermined unique 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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to the symbols of ~he unique word. For instance if the 
unique word contained J symbols, "10",. "11" and "Ol", usinq 
the exa~ple above, window WA would match with a 1:1 

correlation (i.e. all three symbols ~~tch) to the unique 

5 word. Assuming data from windows W8 and We ,..ould be effected 

by intersymbol interference their respective correlations ~ay 
be degraded (i.e. the number of matc.binq symbols may be 

reduced to only 1 or 2). 
Unique word detector 52 uses a threshold comparator 

10 172 that compares the number of ~atehin9 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 threshold1 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 ~inimiie probability of false alarm and 

20 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 W8, WA, and We) together to form a cumulative 
25 correlation value. Then adding the very ~ext combination Of 

three consecutive windows (e.9. WA, We, an~ W0) to form 
another cumulative correlation value. If the second 
cumulative correlation value is less than the first, than the 

first cumulative correlation value corresponds to the window 
30 being most centralized with respect to the symbol bQundaries 

~nd the second of the three windows should be designated cs 
the synchroniiinq vindow. 

This process is imple•ented in unique word detector 
52 by delaying each measure of correlation (i.e. number of 

35 ~atches) determined by the correlator 170 for two intervals. 

For examplet using the. four window example shown in Fiqure 9, 
an average phase estimate ~ould be gener~~ed every l/4 symbol 
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period corresponding to the four windows. Accordinqly, a 
sequence of binary data would be provided to the unique word 
detector at a rate of 4 times the symbol interval. Thus each 
measure of correlation should be delayed for 1/4 symbol ti~e 

5 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 

10 ti~e 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 
loqic 174 also provides an output indicating which window is 

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

20 well. 

While the invention has been described and 
illustrated with reference to specific e~bodiments, 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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CLAIMS * C L M S * 

We C:laim: 

l· In a digital communications system having a 
trans~itter for transmitting inforDiation in the form of an 

~ analog phase shift keyed (P~R) signal and a receiver for 
receiving said PS~ signal, said PSK signal havinq amplitude, 
frequency, and phase characteristics wherein at least so~e of 
said phase characteristics are related to the infor111ation so 
transmitted, a demodulator comprising; 

10 a phase detector receiving an input of diqital data 
representative of said analog PS~ signal so received and 
providing successive outputs representative of phase 
estimates of said PSK signal based on transitions in said 
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 converti~q said phase estimates to phase data 
indicative of said transmitted infor~ation. 

2. The de~odulator of claim 1, wherein said 
20 digital data comprises a plurality of samples grouped into 

overlapping windows, a time betlli€en consecutive samples 
defining a sampling period, the de~odulator further 
comprising: 

a timinq recovery controller coupled to said phase 
25 detector and having an input related to said phase estimaLt 

and operable to provide an output representative of an amount 
to adjust said windo~s by one of i} advancing said windows at 
least one samplinq period and ii) delaying said windows by at 
least one sampling period. 

30 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 ~e~resentative of a corrected phase 

JS correspoTiding to each phase estimate input thereto. 
-----·--···-------------- ----- -
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4. The demodulator of claim 3, wherein said 
digital data comprises a plurality of samples which are 
grouped into ovarlappinq windows which are a time between 
consecutive samples defining a sampling period further 

I I 

5 comprising: 

a timing recovery controller coupled to said 
frequency controller and having an input of said corrected 
phase estimates received durinq each window and providing an 
output representative of an amount to adjust said windows by 

10 cne of i) advancing said windows at least one samplin9 period 
and ii) delaying said windows by at least one sampling 
period. 

5. The demodulator of claim 4, wherein, said PS~ 

signal comprises a known sequence of data defining a unique 

15 word, said demodulator further comprising: 
a unique word detector havinq an input for 

receiving said phase data, said unique word detector ma.king 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 def inin9 said set 

of windows as synchronizin9 windows and further providing an 
output identifying said synchroni~inq windows; and 

said data decoder being further coupled to the 
unique word detector to receive said output identifyinq said 

25 synchronizinq windows, said data decoder providinq an output 

Of said phase data associated with said synchroni2in9 
windows. 

6. The demodulator of claim l, wherein said PSK 

signal comprises a known sequence of data f orminq a unique 
30 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 

35 an output representing the sanie. 
··-·----··-··-------------
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7. The demodulator of claim l, wherein said 
digital data comprises a sequence of successive diqital 
samples, each sample having a value associated with one of a 
high level and a low level, the phase detector comprising: 

5 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 cf l) one sample has a 
value associated vith said high level and a subsequent 

10 diqital sample has a value associated with said low level and 
2) one sample has a value associated with said low level and 
a subsequent diqital sample has a value associated with said 
high level, and providing a decoded output representative of 
at least said transitions so determined; and 

15 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. 

3D a. The demodulator cf claim 7, wherein said PSK 
siqnal represents a sequence of known data symbols, each 
symbol being associated with a phase characteristic of said 
PSK signal, said instantaneous phase estimator comprising: 

~ eount$r for incre~enting a co~nter value related 
25 to an instantaneous phase of said PSK siqnali 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 accumulatinq 
said counter values of said counter upon each detennination 

30 that a. transition has occurred. 

9. The demodulator of claim 7, wherein said PSK 
signal represents a sequence of known data syni.bols, each 
syrabol being associated with a phase of said PSK sign~l, the 
phase detector further comprising: 

-------- .---·--------
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a differential phase detector havinq an input 
coupled to said instantaneous phase esti~ator. said 
di!f erential phase detector qeneratinq an output 
representative of a difference between each average phase 

5 @§timate and a previous av&rage phas@ &itimatQ. 

10 

lS 

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. 

11. A method for demodulating a phase shift keyed 
(PSK) signal havinq 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, 
comprisinq the steps of: 

generating an analog signal indicative of the 
symbols received by the receiver and defining the analoq 

signal as said PSK signal; 
digitizing said PSK signal to provide a sequence of 

diqital data sa~ples representative of said PSK signal 
20 received, each diqital data sample having a value associated 

with one of a hiqh level and a low level; 

25 

30 

identifyinq transitions from said high level to 
said low level and from said low level to said high level 
between successive diqital data samples; 

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

decoding each phase estimate to provide binary data 
representative of said S'.'J1Ubols received and defining said 
data as decoded data. 

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

aceumulatinq a sequence of the binary data; 
correlatinq said sequence of binary data to a 

unique sequence of bin~ry data; 

----·· ----·----·----- -- ---·---
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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 co~prising the 

5 steps of: 
accUl'.llulating 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 

10 subsequent correlation; 

15 

selecting one sequence of binary data having B 

highest measure of correlation; and 
providing an output idantifying 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: 

addinq a number of consecutive measures of 
correlation together resultin9 in a cumulative correlation 

20 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 

25 correlation value as the highest cumulative correlation; and 

30 

defining one sequence of binary data corresponding 
to the last of the nu~ber of measures of correlatioh added 

toqether to form the highest cumulative correlation as the 
selected sequence of binary data. 

15. The method of claim 11, wherein the step of 
diqitizin9 said PSK siqnal comprises the steps of: 

limiting the analoq signal reprssentative of said 

PSK siqnal to provide ~ discrete signal so that where said 
analog 5ignal has an amplitude 9reater than ze~o said 
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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 

5 ~am~liftq ~!id diger@te ~iq~al th~r~by f otininq said 
digital data samples. 

16. The method of claim 11. further comprisinq: 
comparing each phase estimate with a previous phase 

esti~ate to determine a difference between each two 
lD consecutive trans~itted 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 

avera9inq said number of phase estimates over a 
period of time def inin9 a window to provide an averaged phase 
estimate. 

18. The method of claim 17, further co~prising: 

20 defining a number of overlappin9 windows. 

19. The method of claim 17, wherein a length of 
said ~indow is less than the sy:nbol interval • 

. • 20. The method of claim ll, wherein ea.ch SY11bol is 
transmitted for a period of time defining a symbol interval, 

25 the method further comprisinq; 

.3 0 

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

defining a nu~ber of windows, each window having a 
length less than said symbol interval; 

9eneratin9 an average phase estimate correspondinq 
to each window; 
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generating a frequency offset representative of a 
difference between average phase estimates; 

correcting said average phase estimates by 

adjusting said average phase estimates by said frequency 

5 offset. 

21. The method of claim 20, further comprising; 
qrouping 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 

15 

set of decoded data corresponds to those windows in said set 
of windows; 

comparinq 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 cf decoded data when 
said set of decoded data is substantially the same as said 

20 known sequence of data. 

22. The method of claim 21, further comprising: 

defining a window before each of said synohronizinq windows 

as an early window; 
defining a window after each of said synehronizing 

25 windows as a late window; 
determining a phase off set for each of said early 

and late windows; 
comparinq said phase offset corresponding to said 

early window and said pnase offset corresponding to said late 
30 window, said comparison resulting in a difference ~etveen 

said two phase offsets representative of a timing offset; 
adjusting a timing of said synchronizinq windows 

relative to said sy-n1bol interval, based on said timinq 
offset. 

-·------------ ----·--


