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Apparatus for and Method of Synchronizing a Clock
Signal

Field of the Invention

This invention generally relates fo radiotelephone
communication systems and more specifically to an apparatus
for and a method of synchronizing a sampling clock signal to a
received data signal for use in a radiotelephone
communications system.

Background of the Invention

Recently in the field of radio frequency (RF)
communications, there has been an increased demand for
digitally encrypted voice and high speed data communications.
Since the RF spectrum is inherently limited, one must devise a
new system concept and organizational features to
accommodate the increased demand. A time division multiple
access (TDMA) system is one such system which offers more
efficient spectrum utilization and increased capacity.

In its simplest form, a TDMA system is comprised of a
transmitting base station capable of time multiplexing
messages from at least two users on a single RF channel, and
one or more remote receiving stations capable of receiving at
least one of the time multiplexed messages. Typically, the
receiving station would be a mobile or portable radiotelephone
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n a TDVA system |ike nost digital
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systems, it is necessary to establish a reference clock in the
receiving station that is continuously synchronized with the
transmit clock in order to accurately recover the digital data
transmitted between the two points. Continuous bit
synchronization, as used herein, means that the frequency
and phase of the received clock signal must accurately track
that of the transmit clock.

Bit synchronization over a mobile communications
channel can be difficult to maintain, primarily due to
multipath fading. In addition to tracking the drift between the
mobile and base station clocks, the clock recovery mechanism
must be sufficiently tolerant of noise such that it does not
readily lose synchronization during the periods of degraded
signal-to-noise ratio caused by fading. Hence, an ideal TDMA
mobile clock recovery circuit would have fast initial acquisition
of symbol synchronization and continuously maintain
synchronization with the base site clock, even during periods
of severe signal fading.

One clock recovery technique which has been developed
includes an early/late phase adjustment circuit with dual loop
bandwidths. For acquisition of the clock from the received data
signal, the system utilizes a control loop with a predetermined
acquisition bandwidth. The acquisition bandwidth is wide,
allowing for fast acquisition of symbol timing from the received
data signal. However, the wide acquisition bandwidth results
in significant steady-state timing jitter. Therefore, a tighter
tracking bandwidth is used for improved steady-state
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even if there are no other problems,

Therefore, a need exists for a clock recovery apparatus
15 with a simple implementation and fast acquisition of symbol

timing.
Summary of the Invention
20 ~ The present invention encompasses a method of

synchronizing a sampling clock signal to a received signal.
The clock recovery method generates several clock signals.
Each clock signal has a unique phase. To permit fast initial
acquisition, two of the clock signals differ in phase by one-half
25 of a symbol interval. The phase of the received signal is
compared to the phase of each of the generated clock signals.
Next, error signals representing the difference between the
phase of the received data signal and the phase of each clock
signal are generated. The sampling clock signal is generated
30 having the optimal phase as determined by the error signals.



perfdrmance. This dual bandw dth approach is relatively conplex to

Ifmpl ement, requiring acquisition-state and steady- state indicators,
as well as a switchable | oop bandwidth. In addition to increased

i npl ementation conplexity, a 5 conventional early/late approach with
dual bandw dt hs has several performance problens associated with it.
First, initial acqui sition can be del ayed considerably due to a

fal se | ock i ndi cati on caused by @dandom noi se or interfere. Second,
i f synchroni zation is lost ‘due to a fade or signal dropout,re- 1 0
acquisition can be quite slowif the circuit does not detect the

| oss of lock. Finally, having only early and | ate phase adj ust nent s

10 ot her brobl ers. | Poct Briefridsirighici b Brawinep, 17 oci recovery
apparatus 1 5 wth a sinple inplenmentation and fast acquisition of symbol
timng. . FIG. 1 is a block diagram of the radiotelephone
5 communications system in accordance with the present
invention. |
FIG. 2 is an eye diagram of /4 QPSK data at the output of a
differential detector.
FIG. 3 is a block diagram of clock recovery circuitry in
10 - accordance with the present invention.
FIG. 4 is a diagram illustrating multiple phase offset
clocks used in the present invention. |
FIG. 5 is an example of a non-uniform sampling clock
combining the individual clocks of FIG. 4 in accordance with
15 the present invention. |
FIG. 6 is a graph representing the acquisition
performance of the clock recovery scheme with an initial one-
half symbol offset, in accordance with the present invention.
FIG. 7 is a graph representing the acquisition
20 performance of the clock recovery scheme with a uniformly
distributed initial offset, in accordance with the present
invention.
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acquisition, two of the clock signals differ in phase by one-half 2 5  of
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. The preferred embodiment encompasses a digital receiver
of a radiotelephone. The digital receiver includes decision-
directed clock recovery circuitry for use in demodulating a
received signal. The clock recovery circuitry can shift the
phase of the sampling clock by three different increments
including a one-half symbol adjustment. This feature provides
fast acquisition of the correct sampling phase and adequate
steady-state performance without the complexity of the
conventional dual bandwidth approaches. Moreover, this

.technique is easily implemented in either a digital signal

processor (DSP) or digital logic circuitry.

FIG. 1 is a block diagram of a radiotelephone system
which employs the present invention. In the radiotelephone
system, the fixed site transceiver 103 sends and receives radio
frequency (RF') signals to and from mobile and portable
radiotelephones contained within a fixed geographic area.
The radiotelephone 101 is one such radiotelephone served by
the fixed site transceiver 103.

While receiving signals from the fixed site transceiver 103,
the radiotelephone 101 uses the antenna 105 to couple the RF
signal and to convert the RF signal into an electrical radio
frequency signal 137. The electrical RF signal is received by
the radio receiver 111 for use within the radiotelephone 101.
The receiver 111 generates an intermediate frequency (IF)
signal 115. This signal 115 is input into the phase demodulator
119. The phase demodulator 119 outputs a phase demodulated
signal 131 for use by the clock recovery circuitry 127 and the
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the recelveﬁv ita E&nal for the symbol slicer 129. The symbol
slicer in turn outputs a symbol signal 133 for use by the
processor 121. The processor 121 formats the symbol signal 133
into voice and/or data for the user interface 125. The user
interface 125 contains a microphone, a speaker and a keypad.

Upon transmission of RF signals from the portable
radiotelephone 101 to the fixed site transceiver 103, the voice
and/or data signals from the user interface 125 are processed
bythe;nouumor121.Thepmmxmmals&puﬂsameinpﬂthﬂmthe
transmitter 109. The transmitter 109 converts the processed
signals into electrical RF signals. The electrical RF signals
are converted into RF signals and output by the antenna 105.
The RF signals are received by the fixed site transceiver 103,
which interfaces to the land-line telephone signals.

FIG. 2 is an illustration of an eye diagram of a n/4
quadrature phase shift keying (QPSK) signal at the output of a
differential detector. This signal is representative of the data
output on the phase demodulated signal 131. For accurate
recovery of the symbols transmitted between the transceiver
103 and the portable radiotelephone 101, the sampling clock 139
should sample the received data signal 131 at or near the
optimal sampling point as illustrated in FIG. 2. Sampling at
points other than the optimal location can cause degraded bit
error rate (BER) performance.

FIG. 3 is a detailed block diagram of the clock recovery
circuitry 127 utilized in the preferred embodiment. The clock



Description of a Preferred Enbodi nent The preferred enbodi nent
ehconpasses a digital receiver 5 of a radiotel ephone. The digital receiver
i ncl udes deci si on- directed clock recovery circuitry for use in
denodul ating a received signal. The clock recovery circuitry can
shift the phase of the sanpling clock by three different increnents
I ncl udi ng a one-half synbol adjustnentz. This feature provides 10 f ast
acqui sition of the correct sanpling phase and adequate st eady-state
performance wi thout the conplexity of the conventional dual
bandw dt h approaches. Moreover, this technique is easily inplenmented
in either a d|g|ttﬁcageghsumuﬂwyINanﬂm%phaseqhnnnd toii gutput sigyial

circuitry. 15 'l@lt?n‘e‘éo@mb‘;lﬂf au{ea%geg phone system
whi ch enpl oys the . otel one system

the fixed site tr%ﬁ®§§§3§5'1 gkﬁﬁiﬂggﬂa ig ra gﬁneﬂﬂBSﬁﬂNEquency
(RF) signals 1o aiﬁ&ﬁdimlmuﬁgﬁﬂlhawtsﬂ% 34?? di ot h,ongslol S
one. auch radPor o %ﬁsﬁf%ﬂqﬁédﬂ%mﬁ 3 ohined depiataleBs SuEHSE Bared o as
Other equally sufficient implementations of the present
invention may generate two or more clock signals to perform
the phase adjustments according to the present invention.
10 In the preferred embodiment, the relative phases of the
four clock signals are shown in FIG. 4. The on-time signal 405
has a clock pulse once each symbol interval. The early clock
signal 407 generates a clock pulse at intervals equal to the
intervals of the on-time signal 405, but shifted in phase by 1/8 of
15 a symbol time before the on-time signal 405. The late clock
signal 403 is equal in frequency and shifted by 1/8 of a symbol
interval later than the on-time signal 405. The half symbol
offset clock signal 401 is identical to the on-time signal in
frequency and shifted by 1/2 a symbol interval. Other equally
20 sufficient implementations may be used by varying the phase
offsets but are still considered within the essence of the
invention disclosed herein.
These clock signals are used to sample the phase
demodulator output signal 131 with the sample and hold
25 circuits 303, 305, 307, 309. These sampled signals are then
input into the slicer and adder combinations to form error
signals 347, 349, 351, 353. The error signal is formed by taking
the difference between the sampled detector output signal and
the nearest corresponding decision point, i.e., the slicer
30 output.



Whi | € receiving signals fromthe fixed site transceiver 103, t he
r‘adi ot el ephone 101 uses the antenna 105 to couple the RF si gnal and
to convert the RF signial into an electrical radio 2 5 frequency signal
137. The electrical RF signal is received by the radio receiver 111
for use within the radiotel ephone 101. The receiver 111 generates an
I nternmedi ate frequency (IF) signal 115. This signal 115 is input

i nto the phase denodul at or 119. &he phase denopdul ator 119 outputs a
phase denodul ated 3 0 signal 131 for use by the clock recovery circuitry
127 and the nbol slicer 129. The clock recovery
circuitry 127 out put%‘hﬂmfml‘ﬂgﬂai/ 934%&543 38Boare inputiinte thenhol ~si i cer

129. The cl ock I egnpling gg7thgha dulated
2 %6 used as. - ec"ﬁeeépeaﬂw@mi}e i QCE%T“G %mﬂve e ai%ar@ 488159 The”
synbol sl i fouir syimbol’ ¢locksd fo! ntindmizetie mman:mse by the
5 sampling point. If the error signals indicate that a change in
the sampling phase is required, then the sampling phase
adjustment circuit 327 will output one of the three possible
clock adjustment commands: "move early”, "move late", or
"move half symbol”. A move early command will advance all
10  four symbol clocks 339, 341, 343, 345 by 1/8 of a symbol time. A
' move late command will retard all four symbol clocks by 1/8 of
a symbol time. Similarly, the move half symbol command will
shift all four symbol clocks by 1/2 of a symbol time. The clock
generation circuit 331 also outputs an additional on-time clock
15 referred to as the sampling clock signal 139, which is used by
the symbol slicer 129 of FIG. 1.
Four individual slicers are shown in FIG. 3 for ease of
illustration. An equally sufficient embodiment may combine
the symbol slicer 129 and the on-time symbel slicer 313, thereby
20 reducing the circuitry necessary for clock recovery.
The non-uniform sampling clock 501 of FIG. 5 is used to -
sample the phase within the phase demodulator 119. Itis
formed by ORing the four individual clocks 401, 403, 405, and
407.
25 Conventional decision-directed clock recovery techniques
permit clock adjustments based on derived error information.
A typical approach, for example, would permit early and late
clock adjustments of +1/8 of a symbol interval. This approach
would provide + 1/16 of a symbol time resolution, which is
30 adequate for most digital modulation systems. For large




processor 121. The processor 121 formats the synbol signal 133 into
voi ce and/ or data for the user interface 125. The user I nterface 125
contains a mcrophone, a speaker and a keypad. 10 Upon transm ssion of
RF signals fromthe portable radi ot el ephone 101 to the fixed site
transcei ver 103, the voice and/ or data signals fromthe user

I nterface 125 are processed by the processor 121. The processed
signals are input into the tran9ritter 109. The transmtter 109
converts the processed 1 5 signals into electrical RF signals. The

electrical RF signals are converted jinto RF sigpals and, out by
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127 utilized gn the ppglertet:Sn el aBo4 hefeth SH19EK both of these
problems associated with a conventional early/late clock
recovery approach by permitting clock adjustments of one-half
symbol in addition to the early and late adjustments. This is
implemented by using the on-time, early, late, and half-symbol

15 = offset clocks denoted by signals 405, 407, 403, and 401,
respectively, within the clock recovery circuit illustrated in
FIG. 3.
The acquisition performance of the proposed clock recovery
 scheme disclosed herein has been simulated and compared to
20 . a more conventional early/late approach for a n/4 QPSK system
with imiter-discriminator based detection. The conventional
approach makes 1/8 symbol early and late clock adjustments
based on derived error information. To ensure an unbiased
comparison, the loop bandwidths of the two approaches were
25 selected to yield the same-steady state timing jitter.

Acquisition performance has been quantified by
measuring the root-mean-squared (RMS) clock error versus
time for a static channel at signal-to-noise ratios yielding
steady-state bit error rates (BER) of 10-2 and 10-6. FIG. 6

30 illustrates these results. Graphs 601 and 603 represent the




7 h recovery circuitry uses the phase denodul ator out put signal

y(t) 131 to recover the clock signals. In the preferred enbodi nent
the clock generation circuit 331 generates four i ndi vi dual cl ock
signals 339, 341, 343, 345. These clocks are 5 used to sanple and hold
t he phase denodul at or out put si gnal y(t) 131. O her
equal ly sufficient inplenentations ofi1ghe present I nventi on may
generate two or nore clock signals to perform t he phase -adj ustnments
according to the present invention. 1 0 In the preferred enbodi nment ,
the relative phases of the four clock si e shown in FLG 4.

The onetime si gnatonxsmtional eaﬂﬁ(!ﬁ"&@?ﬂ&@%ﬁﬂ ﬁe%t”ﬂ erval .
The early clock 10-2an&'10mah'e rei’ﬁphesostmﬁewiegﬁésemttheval s

hase by 1/6 of 1psesen Shighton o: piHBLATIERERR 10K ma e, 0L o 1

405. The
| ate cl ock peetively)3 FIG. ﬁ:pe;iresenﬁsrmlﬂtmqfandnml‘hmb Byrar/ 8 of a

2¥nglt cl oc kss: gtnéf%#@% S%W&IQS} Ktshe on-tiIne glgg%@gaﬁaltﬁesynbol
invention presented here offers a significant performance
improvement over the early/late technique. FIG. 7 repeats the
results of FIG. 6 for a uniformly distributed initial time error.
Graphs 701 and 703 correspond to the conventional early/late

10 technique, and graphs 705 and 707 represent the present

invention. Again, these results indicate a significant
improvement.

What is claimed is:
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but are stil IThegpg] ered wi i t he essence of the
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circuits 303, hese sanpl ed signals ar I nput into
the slicer and adder tions to fold error si gnal s. 347, 349,

351, 353. The error signal is formed by taking the difference

bet ween the sanpl ed detector output signal and t he nearest
correspondi ng deci si @p Apmﬂthodd' synichforizing bcknslgnaltoa

8 The errar 49 351 353 re.i N[{U t he
sanpl i ng phase adj FReTvE alt&réf' ii‘?z‘ﬁm h&%@ﬂ%%ﬁm‘i%hase

adj ust ment ci r cui recsived datacgignal phase;tthedmethod comprisimg synbol
clocks to mnim Z%h&%eﬁd'ﬁf?r at the on-tine
5 generating at least a first and a second clock signal, said
first and said second clock signals differing in phase by an
amount substantially equal to one-half of a symbol intei'val;
comparing the phase of said at least first and second clock
signals to the phase of the received data signal;

10 creating, responsive to said comparing, at least two error
signals representing the difference between the phase of the
received data signal and the phase of said at least first and
said second clock signals; and

generating the sampling clock responsive to said at least
15 two error signals.
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5 <~ sanpling point. Lf the error sirgrals indicate that a change I n

t he sanpling phase i s Thig etrfﬁgBeet en the sanpling phase adj ust nent
circuit 327 will outpu tdee possi bI e cl ock aQi ust nent
commands: "nove early"” // . / or "nove

early command w || advanc four synbol cl Otﬂ wﬂ{igmﬂ lllli ﬁ’(:g
by 1/8 of a synbol tinme. A nove I e comand

synbol cl ocks by 118 of a synbol 1t| me. Simlarly, the nove half
synbol conmmand wil | shift all four synmbol clocks by 1/2 of a synbol
tinme. The clock generation circuit 331 al so outputs an additional
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on-tinme synbol S'ﬂocé'?did?a"ﬁeakf‘%ﬁ%& fduci ng the circuitry necessary

for clock regcovery. n--upi,f orm sanpl.i ng clock_501 of FIG 5
is used to sa$m|4m9®°&a£@vqa9vn cenrdaeie Mtk AR 15 |

formed by ORI ng twhefein sdiddhimitstep of geaicratih fktBer ¢0Mmprises 407 2
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4. A method of synchromzmg in accordance with claim 1

wherein said first step of generating further comprises

generating a fourth clock signal which differs in phase from

said first clock signal by a second predetermined symbol

15 interval fraction.
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9 : I ni rrai——t-l—ﬁ%—elepeﬁ—s_homever this conventional approach woul d
general ly pI’OVI ver sl ow acqui sition. This slow acquisition '
per f or mance has FPBM#ced;ont ri butors: (1)-si early

e | e e o AR
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of fset; and (2) there IS a quaS| ‘stabl e fal se-1odk state a

one- hal f synbol of fset point, whi‘ch cotd | engt hen the acqui sition
ti me considerably whenever there is an initial timng error of about
one-half synbol. 1 0 The invention described herein solves both of

t hese pr obl ensb.a¥s sanppling \eldck aynchlmmjngmppmﬁxp/font e clock
recovery approach synbol
in addition to the%%%%%@g W%‘II S |s B‘MT ghrr%nt ed
by using the on-tineseived vmsrasnhasex ocks
denoted by signal g}#0ap ﬂ?;aﬁﬁ?,wﬁ ﬁsﬂﬁ&w respect ively, within the

cl ock recovery circuit trate

means for generalnng at least alﬁ?’st and a second clock
signal, said first and said second clock signals differing in
phase by an amount substantially equal to one-half of a symbol
interval;
means for comparing the phase of said at least first and
10 second clock signals to the phase of the received data signal;
means for creating, responsive to said means for
comparing, at least two error signals representing the
difference between the phase of the received data signal and
the phase of said at least first and second clock signals; and
15 means for generating the sampling clock responsive to
said at least two error signals.

L
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The acqui sition performance of the proposed clock recovery schene
di scl osed h | s been sinul ated and conpared to 2 0O a nore
conventlonaler‘:%m% for a [err]/4 @Sm
limter-discr l%ﬂ&m{ sﬁéﬁ det‘ect ion. The convention Hi,l" Mu"

makes 1/8 synb enl f% cl ock adj ust rrents :' mgmved
error informati an unbi ased arl son, thé | &op*
bandw dt hs of t hes werel4 5 sel ect ed to yield the

samne- st eady state t| mng jitter. Acqui sition performance has

been quantified by measur i ng the root mean- squar ed (RMS) cl ock error
ver sus time f@r A sdmpliagcd apparatuseinat i os yi el di ng

I st rat st E'etse%ifﬂﬁ%@ %B*ﬁ@%% %%%M%?*t ﬁgﬁh&hﬁgg’ °
10 convetheé eamipling blo&aﬁtﬂthmmmse!t hase of the rates
of 10-2 angahipiihg toek Febpoisive 167 ﬂﬂ%t%&@%o%f BfssIgNt the
5 7. A sampling clock synchronizing apparatus in
accordance with claim 5 wherein said first means for
generating further comprises generating a third clock signal
which differs in phase from said first clock signal by a first
predetermined symbol interval fraction, wherein said first
10  predetermined symbol interval fraction is less than one-half.
8. A sampling clock synchronizing apparatus in
accordance with claim 7 wherein said third clock signal lags
said first clock signal by said first predetermined symbol
interval fraction.
15 9. A sampling clock synchronizing apparatus in
accordance with claim 8 wherein said first means for
generating further comprises means for generating a fourth
" clock signal which differs in phase from said first clock signal
by a second predetermined symbol interval fraction.

THIS S!—u,t-lﬂi:\ BEEN
REPLACED




present invention at steady-fstate BERs of 10[err] and 10[err],

Fespecti vel y.\%e-m%esul ts of an initial time error 5

1/ 2 synbol (worsi-case) esults clearly indi W
i nvention prese ‘H@iseeeg 1S, a significant perfor ‘

| mpr ovenent over ﬁ(@, dtechnl que. FIG 7 repeat \‘!‘ﬂ&“‘““‘\“\\ ‘\
results of FIG M m'y distributed initial

Graphs 701 and 703 cor to the cohk¥entional earI y/Iate 10

techni que, and graphs 705 and 707 represent the present i nventi on.

Again, these results indicate a significant | mprovenent .
What is clainmed is: 10. A radiotelephone mcludmghtleaﬂtamawemeachronl zi ng

AR §2nmuers SN s, rociv BB i L T 1
input signal, the first input signal having a phase, the
radiotelephone comprising:

5 means for generating at least a first and a second clock
signal, said first and said second clock signals differing in
phase by an amount substantially equal to one-half of a symbol
interval;

_ means for comparing the phase of said at least first and
10 second clock signals to the phase of the first input signal;
means for creating, responsive to said means for
comparing, at least two error signals representing the
difference between the phase of the first input signal and the
phase of said at least first and second clock signals;
15 means for generating the sampling clock responsive to
said at least two error signals; and
means for sampling the first input signal with said
sampling clock within the symbol slicer.

EEN
18 SHEET HAS BE
| REPLACED



5 the sanpling clock signal and the phase denodul ated data signa
havi ng a phase, the nethod conpri sing: a first step of
generating at |east first and second cl ock signals havi ng a peri od,
said first and said second clock signals differing in phase by an
anount/equal to oné-half of the synbol interval; 10 a step of
conparing the phases of said at |least first and second cl ock signals
to the phase of the phase denodul ated data signal; a step of
creating, responsive to said step of céﬁparing, at | east two error
signals representing the difference between the phase of the " phase
denodul ated data signal and the phases of said at |east first and 15
second cl ock signals; and a second step of generating the

sanpl i ng clock resppnsive to error, signals.
2. A net hod of sy‘ﬁb ﬂtﬂiﬂngp MM@&ﬂ aﬁiéwm nizingoa Cleckei n sai d

second step of generating the sanmpling c§ urt her corrprl ses a step
of shifting the phase of the sanpling clock responsive to said at
| east two error signals. 3. A met hod of synchronizing in

accordance with claiml1 25  wheAbstradtiof the Biscldsire0f generating further
conprises a step of generating a third clock signal which differs in

phase fromsaid first clock signal by a first predeterm ned synbol

interval fraction, wihepresent diselosufé indludes dedincussion a&atmbthdd erval
fraction is |less Bf*ﬁyn&ﬁ%ﬂﬁﬂg 8'sampling ok HRlal 'th ' ré&ived data

10 signal (131). The clock recovery circuit (127) generates several
clock signals (339, 341, 343, 345) at the symbol rate, with each
clock signal having a unique phase. To permit fast initial
acquisition, the set of clock signals includes a pair of clocks
which differ in phase by one-half of a symbol interval.

15 Additionally, the clock recovery circuitry (127) generates error
signals (347, 349, 351, 853) representing the difference between
the phase of the received data signal and the phase of each
clock signal. The error signals (347, 349, 351, 353) are
processed over multiple symbol times to determine the optimal

20 sampling phase. The clock recovery circuit (127) then adjusts
or maintains the phase of the symbol clock (139) to provide the
optimal sampling phase.

FIGS. 1 & 3 accompanies this abstract.
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A nmet hod of synchronizing in accordance with claim3_ wherein said
first predeterm ned synbol interval fraction is equal to _ one- ei ght
of the synbol interval. ' 5 5. A net hod of synchronizing in
accordance with claim3 wherein said third clock signal |ags said
first clock signal by said first 7 / 8 edeterm ned synbol interva
fraction. 6. A nmet hod of synchronizing in-accordance
with claim3 10 erein said third clock signal |eads said first

cl ock signal by sai I r
7. A nmethod of syn&hroniz
first step of generafing furth

103

' AN

predet erm ned synbol interval fraction.
ccordance with claim5 wherein said
hses a step of
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15 yenerating a fourth clock signal which differs in phase fromsaid

fiFr st cl ock signal by a second predeterm ned synbol interval
fraction. 8. A nmet hod of synchronizing in accordance’
with claim?7 wherein said fourth clock signal |eads said first
cl ock signal by said 20 second predeterm ned synbol interval
fraction. 9. A net hod of synchroni zing in accordance
with claim8- wherein said second predeterm ned synbol interval
fraction is equal to one-ei ghth of the symbol interval. 25

10. A sanpling cl ock synchroniﬁyzﬁ._? apparatus for

synchronizing a #HA§H i ng clock to a data signal, the data signal and the
sanpl i ng cl oclIPFERENTIAL phase, the apparat us conpgé@ ng:

first neans for(nggméa)\ ing at least/fi rs‘t and sec -cl ock signals,

said first and Second’fl ock signals differi

to one-half of a symbo = TN | -13 -
N

0.0 0.5 1.0 15 2.0
TIME/SYMBOL TIME

FIG.2

EARLY(E
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LATE(L)403[ N
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OFFSET(HS0) M il
101—"
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means for conparing the phases of said at |least first and second

ctock signals to the phase of the data signals means for
creating, responsive to said neans for conparing, at . least two
error signals representing the difference between the phase of 5
the/ data signal and the phases of said at |least first and second cl ock
signals; and second maa%.ior generating the sanpling clock
responsive to said at | east rror signals. 10 - 11. A
sanpl i ng cl ock synchr oni zi ng apparatus in accordance wigpp cl ai m 10
wherein said s§ eaps for generating the sanpling clock further
conpri ses [Ean OrUSTN e T i@ ohase of the SandeWE gNaeck regponsive to
said at Ieast twol error N S. 8 EARLY ﬁamm ock
synchr oni z&h Sprat us tordange W HM ./_. m 1 ﬁ'lé first -
means for g_ene ng 1ur ‘ XOpr 1 3€S '“”hrfﬂ. d cl ock
si gnal whi & dlffersmpm said first gp . ' aI by a’
first predgerm ned synbol I fraction, vvherel- 6@9 .y _
prEdeterm%d 0 nbo o oy f T at-—of 20 t he
synbol intgkval. 13y st ?% %Hﬁlé gynchronlzi ng :
apparatus B accdrdancé Wi t T\ C BERL{iT sai d first
predeterm gd e;eﬂbwvmnr al—fractiom—~
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is equal tgn e-eight of the synbol interval. 25 14. A sanpling clock
synchroni ,'mg,,. .. 3CCcor dance with claim1l2 wherein said
third cl offk—p rqf first clock signal . Dby said first .

pr edet er nf wval  fraction. : . .15, F-ng

cl ock syn rqtys in accordance -~ with cfai i aid
third cl gEk~s+g bajfd first clock signal \\“\ﬂhﬂﬁ‘sﬁi\ﬁmm‘“
predet er =t vpl fraction. aims ' it S W * 16.
A sanpl i r~ckask , i"4} ng apparatus 1 n accordance with claim1l4
wherein said dr generating further conprises means for

generating a fourth clock signal which differs in phase frogm5 said first
clock signal by a sekond frmgthad of aeachyppizing iasamphing clock signa

a period equal to a symbol interval to a phase demodulated data signal,

5 the sampling clock signal and the phase demodulated data signal

having a phase, the method comprising:
a first step of generating at least first and second clock signals

| having a peﬁ&d, said first and said second clock signals differing in

phase by an amount fequal to one-half of the symbol interval; .
10 a step of comparing the phases of said at least first and second

clock signals to the phase of the phase demodulated data signal;

a step of creating, responsive to said step of comparing, at least
two error signals representing the difference between the phase of the
phase demodulated data signal and the phases of said at least first and

15 second clock signals; and

a second step of generating the sampling clock responsive to said

at least two error signals.

2. A method of synchronizing in accordance with claim 1
20 wherein said second step of generating the sampling clock further
comprises a step of shifting the phase of the sampling clock responsive

to said at least two error signals.

3. A method of synchronizing in accordance with claim 1

25 wherein said first step of generating further comprises a_step of
generating a third clock signal which differs in phase from said first
clock signal by a first predetermined symbol interval fraction, wherein

said first predetermined symbol interval fraction is less than one-half of

——

the symbol interval.

30



S|gnal by said sego dzpq
A sampling cfo
claim17 wherein pai
tjo one-elghth

18.

S
at

equal
| east

recei ver, ;a phas deno uI a.tor
recei ver/ {ecei vi ng a# I ea?i ?glethopl pf synchronizing ig; a6

rEig[appar atus in WM
| ;dq;légﬂgl)l | ?ﬁ?Zr\s;al “I rﬁ§ “\\\\\

appara s in acc
arnined ynbol |nterval fractlon
A radlotelephone I ncl udi ng

B QAR it i 51

signal ha{i ng awhezeir shitkfirtdbRidRh@phivRd symbol iRRFPAI Frdtdion #Qqual to
means for[ldenodul ating the phase of the fi rst | nput signal and
form ng allphaseon: gymhal intevvalg a phase; means for
generatinf at |east first and second clock signals, said first and
second cl pck signals differing in phase by an anDunt/equaI_to
one-hal f of Ssynbol ipterva meth%a of synchromighiy il a6@rdahtd Witheclaiiasgs of
said aty | ¢ast first and second clock sighals to the phase of the
phase denpdul at vtheseigngpid third clock Slgnaﬂrdag% sdigr fll.'ﬂtedoqtlﬂgl,gnaéé}bsa;dvhrsto
sai d ang \f or [ n S wo error signals representing
the di&fengnce §£‘Enc%3 %Wéfmglé?te alﬁa TR phase denodul ated si gnal and
t he phaseq |of said at least first and 30 second cl ock signals;
means for |dgenerati ng a sarrpl [ nt% clock responsive to said at |east
two error |sfgnals; afd od of synchronizing in accordance with claim 3
1 wherein said third clock signal leads said first clock signal by said first
A
predetermined symbol interval fraction.
& .
T 7. A method of synchronizing in accordance with claim 5
§ wherein said first step of generating further comprises a step of
a 5%p o
& 15 generating a fourth clock signal which differs in phase from said first
= . ‘ . . .
clock signal by a second predetermined symbol interval fraction.
_ 8. A method of synchronizing in accordance with claim 7
\' wherein said fourth clock signal leads said first clock signal by said
0 second predetermined symbol interval fraction.

ANEEL)
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whs Cuim £

9. A method of synchronizing in accordance with claim 8
wherein said second predetermined symbol interval fraction is equal to

one-eighth of the symbol interval.

10. A

synchronizing a sampling clock to a/data signal, the /data signal and the
sampling clock having a phase, the apparatus comprising:

sampling clock synchronizing apparatus for

first means for generating at 1east/f1rs5(and second clock signals,

said first and second clock signals differing in phase by an amount / equal
to one-half of a symbol interval;



- 15 - REPLAT M 1 ¢ t he phase dermdul ated si gnal with

saird sanpl i b [ $ynbol
@ % NGTI9eH
. cgn;%?ﬂz' pazsglllﬂlﬂﬂﬂﬁﬂlﬂﬂﬂlﬂm s,

met hod of synchr
data signal, the sh
%se t he met hod coffpri sihg a first step of

signal having a ph

generating at | eaptefdisst _and _second}cl ock signal s sai d first and

sai d second cl ockgm el | pﬁﬁé"% gfrmé o 180

degrees; 10 a step o cl rrpa @le "mt%fssgﬂi g% éﬁ%%gassﬁco |ar st

and second  clovkaignalsdodhe phasé bf signdlee phase denodul ated data

si gnal ; a ste of creating, responsi cf to sai.d conparjng step
- of, at |east t WReans KT ieghBgs r?%r%‘@ntt? Faeanst fof EPRWasEAcn ¢ he

Peaet vt antept MENEGF ERAMISH At AP BB WRcklEn T8 plRBE DL,

step of gen®er ath attdnslgmhﬂndlghelphdses axfpsaidi ateldast $astd and sec@hdl ehB:k tvvo

error signals.
signals; and

second means for generating the sampling clock responsive to

said at least two error signals.

10 11. A sampling clock synchronizing apparatus in accordance
with claim 10 wherein said second means for generating the sampling
= Secone.

clock further comprises means for shifting the phase of the sampling

clock responsive to said at least two error signals.

5 12. A sampling clock synchronizing appafatus in accordance
with claim 10 wherein said first means for generating further comprises
generating a third clock signal which differs in phase from said first
clock signal by a first predetermined symbol interval fraction, wherein

said first predetermined symbol interval fraction is less than one-half of

(% QJH'SCLA/?? —

0 the symbol interval.

———

13. A sampling clock syhchronizing apparatus in accordance
\ with claim 12 wherein said first predetermined symbol interval fraction
\ is equal to one-eight of the symbol interval.
o 14. A sampling clock synchronizing apparatus in accordance
§ with claim 12 wherein said third clock signal lags said first clock signal
§ by said first predetermined symbol interval fraction.

30 15. A sampling clock synchronizing apparatus in accordance
with claim 12 wherein said third clock signal leads said first clock signal
‘% \ by said first predetermined symbol interval fraction.



21. A nethod of sHf | i ng cl ock signal having 20 a period

equal to a symbol S o ¢ denpdul at ed data si gnal the
sanmpling clock sig _ q odul at ed data—signat havi ng
phase, the nethod § first st ﬂ ﬂm

| east first second¥arfd ' silgnal S hawlmlu”uﬂjmu |I first
and second cl ock s gnal S dlffel’l ng | _ phase by ah dmoint "eqfial “to
one-hal f of the sygho sim~ saied third cl ock signal differing in

' phase frow said first clock si gnal by a first predet erm ned synbol
interval Yfraction, 16wherAE|samplmgi clédk synchromzmgdmppanatunednsgm:bodance

S i S TeAgRsS ot e et Bt e
third el otk i Rl k6 Aberpling RlutfRIGNESRRdP AL At gBl BraboTebin

- 16 - cPeating, respofisive to said ste

comparing, &t Isafbtfirst clotkrsignalr ibyr asbsepomids predetesaiihedgsyinboli fritereak e
bet ween the phgse of the phase denpdul ated data signal and the phases
of said at Ieag%'aq*’rqnst -

17. A sampling clock synchronizing apparatus in accordance
with claim 16 wherein said fourth clock signal leads said first clock
[Q signal by said second predetermined symbol interval fraction.

N EG

18. A sampling clock synchronizing apparatus in accordance

with claim 17 wherein said second predetermined symbol interval

fraction is equal to one-eighth.
L5

19. A radiotelephone including at least a receiver, i__RI_\_ajg_
demodulator, and a symbol slicer, the receiver /recelvmg at least a first
oot kv
input signal, the first input signal having a phase, the radiotelephone
comprising:

20 means for demodulating the ph e first input signal and

forming a phase demodulated signal having a phase;

means for generating at leasy" first and second clock signals, said

first and second clock signals differing in phase by an amount/equal to
one-half of symbol interval;

25 means for comparing the phases of said at least first and second

clock signals to the phase of the phase demodulated signal;

means for creating, responsive to said means for comparing, at
least two error signals representing the difference between the phase of
the phase demodulated signal and the phases of said at least first and

30 second clock signals;
means for generating a sampling clock responsive to said at least

two error signals; and



second and third cl PLA a second step of generating
the sanpling clock fedpgRsVE_T 1 at | east! thr si gnal s.
22. A method of s ckr;nﬁz,ﬂdg a¢cqrdance with cl Mlﬂﬂ erei
said first predeterfin L—interJal _fgaction is'd /m/!'w Il/””/
one-ei ghth-of the sy{ymbol interval. | 23. A méthe .
synchroni zing i n acpe b = 21 wherein said third cl’ock
signal lags said fi [ hﬂﬂﬁq Sai [ y r ek e ynbol
interval fraction. ﬁéarfs #r o8 Zﬁjm,eb\ SHodulated sﬁ zilng I n baud
accor dance wi t bamiphing dick withinhdvessymbol slicelni r d cl ock signal |eads said
first clock signal by said first predet erm ned synbol interval
fraction. 20 25. A nethod of synchronizing in accordance with

cl aim 23 wher ehp sai ' [ j
generating, a fgg'rt hﬁgll%%tﬁﬁg gﬁg’?"\%‘ﬁ _cﬁ glg%eé}gnﬂi\ﬁ%gécelg?{%{rﬂ:%sg
first cl ¢ocl si phase dgmodulatedsdatarsigmalethet sampling chyokisignalnamd \the phaset i on.
5 6. nmef hod of synchroni zing in accordance with clai m25
oherei n bal d  deMAelRid daRyEnAl Baroes Phase 66 Tarbod iRt sai d

a first step of generating at least first and second clock signals, said

first and said second clock signals differing in phase by an amount equal
to 180 degrees;

10 a step of comparing the phases of said at least first and second
clock signals to the phase of the phase demodulated data signal;

a step of creating, responsive to said comparing step of, at least
two error signals representing the difference between the phase of the
phase demodulated data signal and the phase of said at least first and

15 said second clock signals; and
a second step of generating the sampling clock responsive to said

at least two error signals.

21. A method of synchronizing a sampling clock signal having
20  aperiod equal to a symbol interval to a phase demodulated data signal,

C AL MEQ

the sampling clock signal and the phase demodulated data signal
having a phase, the method comprising:

a first step of generating at least first second and third clock

signals having a period, said first and second clock signals differing in

25 phase by an amount equal to one-half of the symbol interval, said third
clock signal differing in phase from said first clock signal by a first
predetermined symbol interval fraction, wherein said first
predetermined symbol interval fraction is less than one-half of the
symbol interval;

a step of comparing the phases of said at least first, second and

third clock signals to the phase of the phase demodulated data signal;
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second predet-erm ned y_ i 27.___A net hod
of <synchroni zing in agcqrengcygyi 887cllagm 26 30 —_\ond"
predet ermi ned synbol :ifnt e?\igl -Pr action i{s equal to ﬂlmﬁﬂﬂﬂl ”ﬂﬁn”m
28. A sanpling - §cl6Ck  synchroni zi gg _ appar.at us Low s
synchroni zi ng a sanplgng clock to_a_dal g ?gnal, t:he data signal and the
sanpli ng cjjock havi nglaphase—t-Re—appart at us conpri si ng: . first
means for generatin - | t b : [ l's,
o d first]land second R S Ficatid NespSHRRTkcr Bid' ceb bfCoiRparing, ot IS
equal to ghe hthrdeeddrror signhlsl representinlg thendifferencel betwedn the phiase of the

Jymbor 13l RERepe derap e ol s nnd ) oo -yt Bt
i nterval fjfract Eé’ébﬂcﬁa%&iﬁiﬁﬁmﬂggﬁgﬂgnaf t he synbol interval; 10
ep

means forjconparing t ases of sard at least first, second and
third cl opks si gnal satsecoma stepasicgerierating dhé samiplirgd clock responsive to said

at least three error signals.

22. A method of synchronizing in accordance with claim 21
wherein said first predetermined symbol interval fraction is equal to

10 one-eighth of the symbol interval.

23. A method of synchronizing in accordance with claim 21
wherein said third clock signal lags said first clock signal by said first
predetermined symbol interval fraction.

15

24. A method of synchronizing in accordance with claim 21

wherein said third clock signal leads said first clock signal by said first

predetermined symbol interval fraction.

A V€O

R0 25. A method of synchronizing in accordance with claim 23
wherein said first step of generating further comprises generating a
fourth clock signal which differs in phase from said first clock signal by

a second predetermined symbol interval fraction.

SFS 26. A method of synchronizing in accordance with claim 25
wherein said fourth clock signal leads said first clock signal by said

second predetermined symbol interval fraction.

27. A method of synchronizing in accordance with claim 26

30 wherein said second predetermined symbol interval fraction is equal to

L" [ one-eighth.



means* for creating, riis
three error signals rg
the data signal and t

f-er ence bet vveen the
| east first, ”“1
D neans far

cl ock si gnal s; - ?9
sanpling clock responsjve to [ 4 [east three error S|gnals
25.
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28. 7K sampﬁng clock synchronizing apparatus for
synchronizing a sampling clock to a data signal, the data signal and the
sampling clock having a phase, the apparatus comprising:

first means for generating at least first, second and third clock
signals, said first and second clock signals differing in phase by an
amount equal to one half of a symbol interval, said third clock signal
differing in phase from said first clock signal by a first predetermined
symbol interval fraction, wherein said first predetermined symbol
interval fraction is less than one-half of the symbol interval;

means for comparing the phases of said at least first, second and
third clock signals to the phase of the data signal;

means for creating, responsive to said means for comparing, at
least three error signals representing the difference between the phase of
the data signal and the phases of said at least first, second and third clock
signals; and

second means for generating the sampling clock responsive to

said at least three error signals.

ans for conparing, at | east

20



