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ships, a logic circuit generates for each periodic signal
pair a phase-error signal &, corresponding to the phase
difference between the phase angle associated with (Dx
and D)) and the phase angle associated with (Rx and
Ry). Also generated is a gain-error signal G. corre-
sponding to the amplitude differential between the am-
plitude associated with (Dx and Dy) and the amplitude
associated with the signal pair (Rx and Ry). The phase
and amplitude of the modulated carrier signal is ad-
justed in accordance with the phase-error signal ®.and
the gain-error signal Ge respectively.
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UNIVERSAL CARRIER RECOVERY AND DATA
DETECTION FOR DIGITAL COMMUNICATION
SYSTEMS

RELATED APPLICATIONS

The invention described herein is a Continuation of
the following patent application entitled “UNIVER-
SAL CARRIER RECOVERY AND DATA DE-
TECTION FOR DIGITAL COMMUNICATION
SYSTEMS, Serial No. 271,244, filed on Nov. 14, 1988.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to digital
demodulators and more specifically to an improved
technique for synchronizing a demodulator to the fre-
guency and phase of a modulated carrier signal. This
technique is particularly advantageous when the modu-
lation format of the carrier signal is any one of a known
plurality of different modulation formats. In particular
this invention relates to a method and apparatus for
demodulating a modulated carrier and for producing
phase- and gainerror signals in the carrier recovery loop
of a demodulator programmed for a particular phase
and amplitude modulation format.

2. Description of the Prior Art

There are a number of different modulation schemes
where the phase and/or amplitude of a carrier signal are
varied to transmit digital information. Six of the most
commonly used digital modulation formats are depicted
by the phase and amplitude state diagrams shown in
FIGS. 1A-1F. The phase shift keying (PSK) format is
illustrated by the constellation patterns in FIGS. 1A and
1B. The quadrature amplitude modulation (QAM) for-
mat is illustrated by the constellation patterns in FIGS.
1D and 1F. 3- and 7-level quadrature partial response
format signals (also referred to as 9 QPR and 49 QPR
respectively) are illustrated by the constellation pat-
terns in FIGS. 1C and 1E. (The phrase “constellation
pattern” is used herein in its normal sense, i.e. the two-
dimensional diagram of the in-phase and quadrature
phase signal components.) The amplitude-phase keying
(APK) formats considered here include multilevel
QAM, arbitrarily mapped APK, symmetrical APK, and
unsymmetrical APK.

The modulation formats illustrated in FIGS. 1A-1F
can be divided into two general classes. The first class is
characterized by PSK modulation, examples of which
are illustrated by the constellation patterns in FIGS. 1A
and 1B. In a phase-modulated signal the carrier ampli-
tude is held constant as its phase is rapidly shifted by
different multiples of a phase interval. There are nor-
mally an even number of possible phase states in this
type of modulation format, typically 2, 4, 8, 16, etc. In
the 8-phase PSK format, data is modulated by the phase
of the carrier abruptly changing from one phase to
another by some multiple of 45° phase shift.

In the second class of modulation formats, not only is
the phase changed between data points, but the ampli-
tude of the modulated signal can also change. The re-
maining four constellation patterns shown in FIGS.
1C-1F are examples of the second class of modulated
signal formats: 3-level partial response, 16-QAM, 7-
level partial response, and 64-QAM modulation for-
mats, Commerical telephone modems typically use both
classes of modulation formats.
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Most state-of-the-art communication receivers are
designed to demodulate a particular class of modulated
signals. This assures that a receiver is not only capable
of demodulating the particular modulation format used
by the transmitter, but also that it is efficient for the type
of modulation in use. It does, however, limit the re-
ceiver to working with a particular class of modulated
signals. Even special purpose receivers are limited to
demodulating a carrier modulated with a modulation
format from only one of the two classes of modulation
types. This is because no single demodulating technique
exists which is capable of handling all types of modula-
tion formats (except for switchable receivers which in
reality is not a single demodulator at all since it has
multiple demodulators). A particular carrier recovery
system (demodulator) that uses a ROM (read only mem-
ory) table look-up method of sequentially deciding
which data points of a signal constellation pattern are
actually transmitted is disclosed in CARRIER RE-

20 COVERY SYSTEMS FOR ARBITRARILY

MAPPED APK SIGNALS by Yoshio Matsuo and
Junji Namiki, IEEE Transactions on Communications,
Vol. COM-30, No. 10, October 1982, pages 2385-2390.

' The demodulator is optimized for fast acquisition and
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has a one bit error output—the error being an indication
that the data point is not within the center of the deci-
sion zone of the demodulator. Phase and amplitude
errors needed to lock the receiver onto the carrier are
measured using dedicated circuitry. The author does
not address more sophisticated error output implemen-
tations. A carrier recovery system that uses a different
approach to track PSK signals is disclosed in A GEN-
ERALIZED “POLARITY-TYPE” COSTAS LOOP
FOR TRACKING MPSK SIGNALS by Holly C.
Osborne, IEEE Transactions on Communications, Vol.
COM-30, No. 10, October 1982, pages 2289-2296. This
reference describes a system of x and y quantization
usable in PSK systems. It does not address the possibil-
ity of new data states nor does it address how to resolve
data states from these new and ambiguous states. As an
example, a 16-QAM tracker can lock onto 8-PSK sig-
nals very well. However the eight extra phase and am-
plitude states do reduce the trackers functioning in a
low signal-to-noise environment, as pointed out in the
paper, and the eight new data values created are ambig-
uous,

Typically a plurality of different receivers (or family
of receivers), each designed to accommodate a different
modulation type or signal constellation pattern, selec-
tively receives and demodulates a carrier signal having
any one of a number of different modulation formats.
This approach, as discussed therein, has the distinct
disadvantage of using a large amount of hardware.

The subject invention overcomes these drawbacks by
employing a demodulation technique and receiver capa-
ble of recovering data from any modulated carrier sig-
nal if the modulation format is apriori known. By “pro-

ing” the receiver with the constellation pattern
for a particular modulation format, the receiver is capa-
ble of demodulating a carrier signal having that particu-
lar modulation format.

An object of this invention is the provision of a uni-
versal carrier recovery circuit for the demodulator of a
digital data communication system.

SUMMARY OF THE INVENTION

The above and other objects, advantages and capabil-
ities are achieved in one aspect of the invention by a
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universal demodulator structure that can be pro-
grammed to demodulate any digitally modulated carrier
signal providing the modulation type has a known con-
stellation format. The demodulation technique also
provides phase and gain-error signals for locking the
demodulator to the proper phase and amplitude of the
modulated carrier.

The demodulator splits the received digitally modu-
lated carrier signal into an in-phase component, Dy, and
a quadrature-phase component, D;. Using a prepro-
grammed memory device keyed to the identified modu-
lation format, each Djx signal is mapped into one of a
plurality of one-dimensional zones each having R cen-
ter values. Using a second preprogrammed memory
device also keyed to the identified modulation format,
each D, signal is similarly mapped into a plurality of
orthogonal one-dimensional zones having Ry centers.
Each pair of Ry and R, values represents a point in a
two-dimensional signal space corresponding to one of
the transmitted phase amplitude states. The data assign-
ment signals, Aand Ay, are generated and outputted by
selecting a predetermined portion of the Ry and Ry
center values. Using the digital signals Ry, Ry, Dx and
Dy and signal vector relationships, a logic circuit gener-
ates for each periodic signal pair a phase-error signal @,
corresponding to the phase difference between the
phase angle associated with (Dx and D,) and the phase
angle associated with (Rx and R,). Also generated is a
gain-error signal G, corresponding to the amplitude
differential between the amplitude associated with (Dyx
and Dy) and the amplitude associated with the signal
pair (Rxand Ry). The phase and amplitude of the modu-
lated carrier signal is adjusted in accordance with the
phase-error signal ®, and the gain-error signal G, re-
spectively. This adjusts the input constellation pattern
to be coincident with the internal mapping structure of
the demodulator. The data assignment AjAj corre-
sponds to a digital value for transmitted phase-ampli-
tude state.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the invention as well as
other objects and further features thereof, reference is
made to the following description which is to be read in
conjunction with the accompanying drawings wherein:

FIGS. 1A-1F illustrate various signal constellation
patterns associated with digital modulation schemes in
which groups of n-bits define specific phase and ampli-
tude states during a signal symbol interval.

FIG. 2 is a schematic block diagram of a universal
carrier recovery system and demodulator in accordance
with this invention.

FIG. 3 illustrates a typical video x-y display showing
a QPSK signal.

FIGS. 4A-4C illustrate three constellation patterns
and a binary coding associated with each data point.

FIGS. 5A and 5B illustrate phase error in the track-
ing of a 166QAM constellation pattern, as contrasted
with the no-error illustration.

FIG. 6 is a greatly enlarged graphic representation of
the first quadrant of a QPSK constellation pattern illus-
trating the reference data vector R for the correct or
reference data point R in the first quadrant, a received
data vector D associated with a representative phase
and amplitude position of a received signal point D, and
the phase error ®. and gain error G, for the associated
error vector E.
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FIG. 7 is an enlarged graphic representation of a
measurement pattern defining rows and columns in the
first quadrant of the 16-QAM modulation_format and
showing reference and input data vectors R and D for
the reference (correct) data points and received signal
positions which are represented by the symbols * and o,
respectively.

FIG. 8 is a schematic block diagram of-a universal
error detector (34 in FIG. 2) in accordance with this
invention.

FIG. 9 is a functional block diagram and memory
bank map of a universal error detector 34 shown in
FIG. 2.

FIGS. 10A-10C relate to the one-dimensional pro-
cessing and aids the explanation in text.

FIG. 11is a block diagram of very high speed capable
embodiment of a universal error detector 34.

FIG. 12 is a graphic representation of a 16-QAM
modulation format overlayed on a zone pattern defining
rows and columns and illustrating how the binary num-
bers could represent the two-dimensional modulation
space.

FIG. 13 is an expanded portion of one quadrant of the
graphic representation shown in FIG. 12 which illus-
trates a shift of the x and y axes for partial response
modulation formats to increase accuracy when operat-
ing with minimal resolution of input data.

FIG. 14 is a schematic block diagram of an embodi-
ment of this invention which can operate at very high
speed and in which processing of input data is per-
formed with respect to a single quadrant of a constella-
tion pattern, as shown in less detail in FIG. 11.

FIG. 15 is a detailed schematic circuit and block
diagram of pattern select unit 103, control circuit 106
and ROM memory circuit 107 in the universal error
detector 101 shown in FIG. 14.

FIG. 16 is a detailed schematic circuit and block
diagram of RAM memory circuit 111 and polarity cor-
rection circuit 113 in the output of the detector 101 in
FIG. 14.

FIG. 17 is a detailed schematic circuit and block
diagram of circuit 109 for processing input data in the
universal error detector 101 embodiment of this inven-
tion in FIG. 14.

FIG. 18 is an x-y polar or grid plot that is useful in
explaining the operation of the detector 101 in FIGS.
14-16 in which received data signals are processed with
respect to a single quadrant.

FIGS. 19, 20 and 21 are graphic representations illus-
trating the trajectory (i.e. movement) of the data points
caused by phase and gain error of the tracking loop of
FIG. 2 using the error detector in FIG. 8 over a period
of time in response to an initial error.

FIG. 22 is a graphic representation illustrating the
trajectory of certain data points caused by phase and
gain error in the tracking loop of FIG. 2 using the error
detector in FIG. 8 over a period of time in response to
an initial error and which is useful in showing the track-
ing of the incorrect orientation of the constellation
pattern shown in FIG. 23.

FIG. 23 is a graphic representation of a correctly
oriented (*) and incorrectly oriented (o) 3-level QPR
constellation pattern on the axes of the zone pattern in
the demodulator.

FIG. 24 is a circuit schematic and block diagram of
one implementation of a kick-logic circuit (76 in FIGS.
2 and 8) in accordance with one aspect of this invention.
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FIG. 25 is a circuit schematic and block diagram of
another implementation of the kick-logic circuit in ac-
cordance with another aspect of this invention.

FIG. 26 is a flow chart diagram describing a portion
of the operation of the microprocessor in FIG. 25.

FIG. 27 is also a flow chart diagram describing a
portion of the operation of the microprocessor in FIG.
25.

DETAILED DESCRIPTION OF THE
INVENTION

For a better understanding of the subject invention,
reference is made to the following description and ap-
pended claims in conjunction with the above-described
drawings. FIG. 2 illustrates a block diagram of a re-
ceiver in which the subject invention has application.
The receiver, which forms a part of a digital communi-
cation system, generally comprises a microwave an-
tenna 6, a microwave receiver 8, and a digital demodu-
lator 12. Although this particular structural embodi-
ment is shown with reference to a microwave transmis-
sion system, the demodulation technique has utility in a
large variety of demodulating and transmission environ-
ments, one example being a fiber optic cable transmis-
sion system.

Functionally antenna 6 receives an incoming modu-
lated RF signal. RF receiver 8 downconverts the re-
ceived RF to an IF (intermediate frequency) signal (e.g.
70 MHz) on path 10, and an AGC circuit in receiver 8
coarsely adjusts the adverage amplitude of the IF signal
to a prescribed level. The modulation formation of the
IF signal on path 10 may be any format so long as its
constellation pattern is known and is capable of being
“programmed” into the demodulator 12. (Further ex-

- planation of what is meant by “programmed” is dis-
cussed below.) A symbol timing synchronization circuit
14, (also called a clock recovery circuit) which includes
the requisite distribution circuitry, operates on the 70
MHz IF signal to derive adjustable clock pulses edge
synchronized with the data symbol transitions of the
received signal. The distributed clock pulses on path 15
control the timing and stepping of the digital processing
of the demodulator 12. The other elements shown in
FIG. 2 comprise a digital demodulator generally re-
ferred to as demodulator 12,

Level control circuit 16 variably adjusts the level of
the modulated IF signal on path 10 in respomseto a
control signal fedback on path 13. Level control circuit
16 could include an amplifier, attenuator or other AGC
circuit depending upon the output signal characteristics
of receiver 8. A power splitter 18 divides the IF signal
into two equal strength signals enabling the balanced
mixers, 26A and 26B, phase shifter 25, and VCO (volit-
age controlled oscillator) 24 to develop in-phase (I) and
quadrature phase (Q) channels 20 and 22, respectively.
Each of the channels 20 and 22 also comprises a base-
band (lowpass) filter 28 and an A/D (analog-to-digital)
converter 30. The A/D converters sample and quantize
the filtered signal into a seven bit word each symbol
period. Such a scheme (circuits 18, 26, 28, and 30) is a
fairly standard technique for developing digitized I and
Q channels prior to processing by detector 34. Also, a
digital equalizer (not shown) may be employed in each
channel between A/D converter 30 and detector 34 to
compensate for path distortion and intersymbol inter-
ference. The digital output signals on 31A and 31B are
also set into latch circuit 37 to drive a display device 39
such as an x,y CRT display. Display device39 displays
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the phase and amplitude states of the quadrature signals
on paths 31A and 31B as shown in FIG. 3 for determin-
ing the modulation format of the incoming signal if it is
not apriori known. Having once identified the modula-
tion format type, an operator switches and locks the
programming of detector 34 to the optimum demodula-
tion process. This is shown diagrammatically in FIG. 2
by control unit 52 such as a pc keyboard which sends an
actuting control signal (pattern select) on path 54 to
detector 34 and logic circuit 76. A manual modulation
format selection process is shown as an aid in under-
standing how the format could be determined and how
the detector could be switched to demodulate any digi-
tally modulated carrier signal; however, format selec-
tion whether automatic or manual is not considereda
part of this invention.

The digitized quadrature components on paths 31A
and 31B, designated herein as Dy and Dy, respectively,
are in a form to be demodulated by detector 34. Func-
tionally error detector 34 determines the proper phase
and amplitude state of these signals and generates for
each quantized signal pair (Dx,D,) the following digital
signals:

a reference value (RxRy),

a data assignment value (AxAy),

a phase-error signal ®,, and

a gain-error signal Ge.

The last three of these are always outputted as digital
signals from detector 34. (In some embodiments, the
reference value (Ry,R,), is an internal value employed
to determine the other three signals.) The phase-error
signal ®.and the gain-error signal G.are one measure of
the deviation of the received input signal components
from what was transmitted. The data assignment values
(AxA,) correspond to a version of the demodulated
data, unless the binary assignments happen to corre-
spond to the exact assignments at the transmitter, in
which event the outputted (Ax,A,) values will be the
same as the transmitted data. A data coding/zone as-
signment format using Gray codingis shown in FIGS.
4A-4C for 4-PSK, 8-PSK and 16-QAM modulation
formats. :

Each (Dy,D)) sample, being a quantized pair of num-
bers, may be mapped into a two-dimensional (x,y) or
(1,Q) signal space as shown in FIG. 1. Since the sam-
pling period of the A/D converters 30 corresponds to
the data symbol interval, each (D;Dj) sample repre-
sents, under perfect conditions, a data point in whatever
constellation pattern is being transmitted. Conceptually
the demodulation process divides the signal space into a
structure of zones (which may be thought of as decision
areas) so that each data point in the selected constella-
tion pattern exactly fits within a defined zone. The
zones are defined within detector 34 by boundary lines
which are typically equidistant between surrounding
data points; however, the zones are not necessarily
square or rectangular. The input signal data points lie in
the center of the zones under perfect conditions with no
distortion and in the absence of noise. Since some modu-
lation formats have zones that are unbounded (e.g. 8-
PSK) and thus have no exact centers, this phrase is
inaccurate with respect to those particular zones; how-
ever, the term “center” is still used herein just for the
sake of convenience. As will be explained in more detail
later, different zone patterns may be programmed into
detector 34 to produce a unique and typically optimal
alignment for each constellation pattern. The zone pat-
tern partially illustrated in FIG. 5A represents a prop-
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erly aligned 16-QAM constellation pattern. Any phase
or amplitude distortion of the received carrier signal
results in a constellation pattern that is misaligned
within a zone pattern generated for that particular mod-
ulation type. FIG. 5B illustrates the same 16-QAM
constellation pattern signal having a small amount of
phase misalignment with the appropriate 16-QAM zone
‘pattern overlaid. A center or no error point in each zone
is used as a reference point from which the phase and
the amplitude errors are calculated for any data point
position within the associated zone. This so-called refer-
ence position, which as explained above is usually in the
center of a zone, is designated herein as (RxR)). A
reference vector R is defined as a vector extending from
the center of the constellationpattern to the reference
position (Rx,R;) in a particular zone. The R vector is
illustrated in FIG. 6 in the first quadrant of a 4-PSK
constellation pattern along with a received data point
vector D (also referred to herein as the signal vector)
having the components (Dx,Dy). The error vector E is
also illustrated therein and represents the difference
vector between D and R.

Referring to FIG. 2 again, detector circuit 34 pro-
duces digital gain and phase-error signals on paths 40
and 42, respectively, for use in correcting misalignment
such as is shown in FIG. 5B. The consequence of data
points not being centered in the zones is an increase in
the bit error rate (BER) of the demodulated data. Each
digital word representing the phase-error signal @, is
converted to an associated analog signal by D/A (digi-
tal-to-analog) converter 44, although this could be done
just as easily on a digital basis. A servo compensation
circuit 46 processes this analog voltage for controlling
the output signal phase of VCO 24 which drives mixers
26A and 26B. Conceptually the analog phase-error
signal on path 41 adjusts the VCO 24 to rotationally
orient the axes of the constellation pattern of the input
signals to be coincident with orthogonal axes of the
zone pattern preprogrammed into detector circuit 34
for each different constellation pattern to be demodu-
lated. In a similar manner D/A converter 48 and com-
pensation circuit 50 convert the digital signal represent-
ing the gain-error signal on path 40 to a corresponding
analog signal for controlling the amount of gain or loss
inserted in path 10 by the level control circuit 16. In
terms of the zone pattern, variations of the IF signal
level have the effect of displacing the received data
points radially from the origin of the grid pattern. The
origin is the position of a zero carrier amplitude level.
Alternatively the output of circuit 50 may control the
reference input of A/D converters 30A and B for ac-
complishing the same function. The servo compensa-
tion circuits 46 and 50 are conventional servo loop
designs well known in the art. Besides generating digital
gain and phase-error signals, detector circuit 34 also
generates on paths 36 and 38 the zone data assignment
(Ax,Ay) for each received phase-amplitude state which
is outputted as the demodulated data signal. There are
two specific embodiments of this process discussed
herein: one-dimensional and two-dimensional.

One-dimensional Processing

In both the “one-dimensional” embodiment of detec-
tor 34 shown in FIG. 8 and the “two-dimensional”
embodiment shown in FIG. 9, the detector makes an
initial estimation of the probably zone for each received

input signal point, i.e. the probable phase and amplitude
state. In the “one-dimensional” embodiment, the detec-
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tor makes this determination for each input signal point
by independently processing the x and y (or I and Q)
components of the received signal points in slicing logic
56 and 58, respectively. In such a process each one-
dimensional zone reduces to an open-ended band or
region as shown in FIG. 10a and FIG. 10b. Function-
ally the process makes a decision between which
boundaries a received signal point is located and outputs
the value of the center of that band (Rx,R;). As shown
in FIG. 10z and 105, this is dione for each axial compo-
nent, Dxand Dy, of the received signal. The net effect of
this two-step process is equivalent to creating two-di-
mensional zones,

One-dimensional processing can be implemented
using either commercial logic devices or memory de-
vices. In the memory approach, each signal component
value Dy and Dy acts as an address to access a corre-
sponding memory device 56 and 58. Each memory
device contains information that defines one dimension
of the zone for the particular modulation format se-
lected. More particularly, each ROM memory bank for
each axis contains two binary words for each possible
received signal point along that axis for the associated
modulation format: one word defining the center of an
associated zone, Ry or R, (generated on paths 67 and
68) and the other word (generated on paths 69 and 70)
being the data output assignment, Ay or Ay, for that
one-dimensional component. Using the example shown
in FIG. 10a as the memory address value of Dy, any D,
address between 0 and + 20 results in an Ry center value
of + 10 which is outputted as an 8-bit word on path 68.
D, addresses above +20 result in a +30 value output-

- ted the same way. Similarly, D, addresses between 0 to

—20 result in an R; value of —10, and less than —20
result in a —30 R, value. The samie type of process is
performed for the x axis. If, for example, the input signal
point is (Dx,Dy)=(+27,4-13), the output from ROM’s
56 and 58 would be (RyR;)=(+30,410). [The
(+30,+ 10) values are obviously not stored in memory
as decimal values but as binary numbers. In the one
embodiment shown in FIG. 8, two 8-bit bytes (Rx,R;).]

In addition, a second table representing A, and Ay is
stored in ROM’s 56 and 58, respectively, with corre-
sponding Dy and Dy addresses. Usually this secondary
data is simply a 1 to 3-bit truncated version of the refer-
ence values (Ry,R;). Each ROM device 56 and 58 out-
puts the data assignment on paths 69 and 70 to form a
version of the output data value for each two-dimen-
sional zone. Since by design, the zones correspond to
possible transmitted phase-amplitude states, the zone
assignments correspond to the original data applied to a
corresponding transmitter (not shown). (Alternatively,
this secondary table could be developed by equivalent
logic circuits).

The remainder of the processing in the one-
dimensional detector shown in FIG. 8 implements the
error algorithm described below. Briefly, the detector
calculates the x and y error components (EE,;) by
subtracting the components of the reference vector
from the signal components (Dx,Dy). The detector also
computes the vector dot and cross products using digi-
tal multipliers (71-74) and adders and subtracters
(61-64) by operating on the error components(Ey, E,)
and the reference components (Rx,R,). This process
develops the phase- and gain-errors, since the dot prod-
uct represents the gain-error signal and the cross prod-
uct represents the phase-error signal.
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For each different modulation format having a
unique constellation pattern, a different pattern of
boundaries, centers, and data assignments is stored in
memories 56 and 58. To accommodate other such for-
mats, the memories may be expanded in increments
called banks, each one containing the complete pattern
for each one of the constellation patterns desired. The
pattern select control signal on path 54 determines
which one of look-up tables in each of the ROMs 56 and
58 is selected by the address signals on lines 31A and
31B. By selecting a specific bank (via path 54), the com-
bined demodulator is optimized for that specific con-
stellation format. The demodulator is thus programma-
ble and applicable to many constellation formats with
no change to the hardware.
Two-Dimensional Processing
In the embodiment shown in FIG. 9, the zone assign-
ment process is performd on a “two-dimensional basis”
which provides two key improvements over the one-
dimensional processing. One-dimensional processing (as
in FIG. 8) is useful primarily for rectilinear constella-
tion patterns, whereas two-dimensional procesing al-
lows arbitrarily shaped constellation patterns and
boundaries and is more general in its applicability be-
cause it operates on two-dimensional information. Also,
the processing speed is greatly increased enabling real-
time operation for very high data rates. In this embodi-
ment the input signal components (DyDy) are pro-
cessed together by forming a new complex number
which is processed directly to produce phase- and gain-
error signals and data assignment values (Ax,Ajp). As
shown in FIG. 10C, for a (+27,+ 13) input signal point,
the reference value (Rx,R,) associated therewith is de-
terminable and could be retrieved from memory and
outputted. However, there is no need to output (Rx, Ry)
as (4 30,4 10) as is done in one-dimensional processing.
For a finite binary representation of (Dy,Dy), there are
only a finite number of signal components, and the
phase and amplitude error values for every possible
(Dx,Dy) signal point can be stored in a look-up table
device such as ROM 290. The error values are calcu-
lated using the error algorithm described herein and
then “burned” into memory prior to receiving any mod-
ulated data signals. Using the received components (Dx,
" Dy) on paths 31A and 31B as a single look-up table
‘address, the error values are outputted on paths 314 and
315 from the appropriate bank of memory 301 through
306 which correspond to particular modulation pat-
terns. This greatly simplifies the real-time proces-
sing/decoding of the received data from a complex
- algorithm process to a much simplier look-up table
process. The table look-up process delivers the same
error output signals as are produced by the algorithm
process, except at a much faster rate. Similarly the data
asslgnment values (Ay, A;) can be programmed into
memory, just like the error values to correspond to
particular (Dx, Dy) addresses and then outputted as a
single 6-bit word on path 311. To handle different con-
stellation patterns, ROM 290 has stored in separate
“banks” of memory (301-306) pluralities of associated
data assignments and gain- and phase-error tables for a
plurality of two-dimensional constellation patterns. The
selection of the particular bank of memory is handled
the same way as explained above using the same pattern
select control signal on path 54. When implemented as
shown with a single ROM device, the 3-bit pattern
select 54, the 6-bit Dx31A and the 6-bit D, 31B form a
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single 15-bit address word to access the proper memory
location in the correct memory bank. Alternatively,
numerous memory devices could be used with appro-
priate logic circuitry to route the (Dx, D;) address to
the proper memory device for the modulation format
desired.
Error Algorithm

The algorithm calculates the error of a particular
received signal point in two steps. The zone containing
the input signal point is identified as described above,
and then the phase- and gain-error components of the
error vector are determined. In the zone identification
process the one-dimensional and two-dimensional pro-
cess are slightly different. FIG. 6 pictorially illustrates
the process for developing error signals. In this example
of a 4-PSK constellation pattern, a received input signal
point D has a corresponding vector D with a phase

"angle a and amplitude |D|. The displacement of the

signal point D from the location of the corresponding
reference signal point R within the zone is defined
herein as “error”. In FIG. 6 vector G, corresponds to
the gain error vector, whose magnitude is proportional
to the magnitude of the vector dot product of the refer-
ence and error vectors R and E. Similarly the vector P,
corresponds to the phase-error vector which is propor-
tional to the amplitude of the vector cross product of
the vectors R and E. More particularly, the magnitude
of the phase-error vector P, may be represented as:

_ RHE) — (RNED) m

|Pel o
This may also be represented as:

(Rx)(Dy) —
R?

(Ry)(Dx) 2

| @e| =

where D; and D; are the x and y components of the
received data point vector D.Ryand | Ryare the x and y

- components of the reference vector R ‘which is associ-
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ated with the zone containing the received signal point;
and Ex and E, are the x and y components of the error
vector E that are associated with the received data
point:

Ex=Dx—Rx @

and '

Ey=Dy—Ry @
Similarly the magnitude of the gain error G is represent-
able as:

_ RAE) + RAE) &)

61 B

One-dimensional Implementation

The one-dimensional processor implements both
parts of the algorithm in a rather transparent way. Con-
sidering the example in FIG. 7 depicting signal points
from a 16-QAM modulation format, each signal compo-
nent has only 32 possible values or ROM addresses
(instead of the 256 possible values for the 8-bit binary
signal of FIG. 8). The 16-QAM look-up table in each
ROM (56 and 58) contains four different groups of
words, each group containing 8 identical pairs of binary
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words—there are 8 possible received data vlaues along
each axis of the zone. There is a different pair of words
for each of the 4 possible zones for 16-QAM (only two
such zones or levels on each axis being shown in FIG.
7). Thus, considering two dimensions for each zone,
there are 64 possible positions each having identical
pairs of words.

The input signal components shown in FIG. 8 on
paths 31A and 31B correspond to the (D, Dy) signal
components in equations (2)-(4). (Dx, Dy) directly ad-
dress ROMs 56 and 58 in FIG. 8 to produce 3-bit Axand
A, data output signals on paths 69 and 70 which define
the correct output data assignment for the zone contain-
ing the received signal point (D3 in this example, see
FIG. 7). These input signal addresses on 31 also cause
the ROMs to produce 8-bit binary words on paths 67
and 68 which define the x and y coordinates of the
reference point Rj that are associated with the zone of
the received signal point (D3). These reference signals
correspond to ry and Ry in equations (3) and (4). Binary
adders 61 and 62 subtract (Dx, D,) from the ROM’s
output to produce error signals E; and E, defined by
equations (3) and (4). These error signals may be either
positive or negative.

Multipliers 71 and 74 and adder 64 calculate the gain
error as shown in equation (5). Note that the euqations
in the error algorithm shown above are “normalized”
using |R2|. The other two multipliers, 72 and 73, and
adder/subtractor 63 calculate the phase error as shown
in equation (1). The D/A converters, 44 and 48, in FIG.
2 translate the 8-bit binary words (corresponding to the
phase and gain-errors on paths 42 and 40) to associated
analog voltages. After processing in compensation cir-
cuits, the signals 46 and 50, are of appropriate polarity
and value for driving the voltage controiled oscillator
24 and the level control circuit 16 in the proper direc-
tion.

Two-Dimensional Implementation

In the two-dimensional implementation shown in
FIG. 9, the same basic algorithm is indirectly used. As
explained above ROM 290 in FIG. 9 has in memory all
possible phase errors, gain errors, and data value assign-
ments stored under the addresses formed from all re-
ceived data point positions. In a slow speed computer
based implementation of this demodulator these pro-
cesses are all performed in software routines, and the
look-up table is simply placed in the computer memory.

Numerous implementations of device 290 exist de-

pending upon the speed desired. There is a basic design

tradeoff between speed of operation and the number of
bits that can be processed in real time; the higher the
signal data rate, the fewer number of bits that can be
processed. For moderate speeds, such as 5 mega sam-
ples per second (MSPS), or below, a single large inex-
pensive memory device {e.g. a programmable memory
integrated circuit—PROM) is sufficiently fast. For
higher speed, approaching 20 MSPS, several special
high speed memories are required. For the very fastest
operation, small very high-speed ECL technology
memory devices may be used. The architecture that is
shown in FIG. 11 and related FIGS. 14 through 17, is
an architecture that uses the smallest and highest speed
read/write (RAM) memory. With existing technology
devices, 7 nanosecond access times are available, and
operating speeds in excess of 90 megasymbol per second
are possible.
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Although the one-dimensional processor, shown in
FIG. 8, operates in real time by calculating a phase-
error and a gain-error signal for each received signal
point, it requires considerable hardware and integrated
circuit surface area. And, such a processor has speed
limitations—it is doubtful that it could process symbol
rates greater than 20 megasymbols per second with
present day technology. (Each data point in a constella-
tion represents a “symbol.”)

Two-Dimensional Processor Concept—Detailed
Description

In a moderated-speed embodiment of this invention,
the two-dimensional processor, shown in FIG. 11, uses
a memory device having a large addressable memory. If
higher speed operation is required with few compo-
nents, a more complex processor could be used. This
moderate speed processor description includes an expla-
nation of: one-quadrant look-up table; polarity correc-
tion of the table output; and low resolution data issues
which include the detailed issue of shifting the low
resolution input data for some modulation formats, such
as the quadrature partial response system formats, and
include constellation points that are positioned on the
coordinate system axes. A detailed circuit design is
discussed as one implementation of the high-speed de-
modulator. The last discussion of the processing de-
scribes the problem and solution for incorrect or false-
lock orientations of the input constellation pattern with
respect to the demodulator zone pattern.

The following description aids in understanding the
issues associated with using fewer data bits (which gives
lower resolution) in the memory address look-up table.
It is also an example of how the basic two-dimensional
approach can be implemented, although it is not gener-
ally necessary to have lower resolution nor is it neces-
sary to use only one-quadrant stored in memory.

Referring now to FIG. 9, the two-dimensional pro-
cessor embodimentcomprises ROM 290 having 6 differ-
ent banks of memory 301-306, each memory bank con-
taining a look-up table for a different constellation pat-
tern, e.g., bank 304 for 16-QAM formats, etc. Memory
bank 304 is subdivided into three different sub-banks of
memory containing a value for the output data assign-
ment Ay, A, a value for G, and a value for ®.. The
digital signal processing reduces to a table look up of
data output values and error values which are read out
of the selected look-up tables during each symbol inter-
val as the appropriate results for the received input
signal. The contents of memory bank 304 for the first
quadrant of a 16-QAM signal format are accessed in
response to a prescribed pattern select signal on path 54
along with a particular combination of first quadrant
input signal address bits such as (00100) and (00010).
The binary words (00100) and (00010) representing (Dy,
Dy) designate the arbitrarily labeled cell 308 in the first
quadrant of FIG. 12. When only 5-bit bytes are used
along each axis to represent all signal points within the
first quadrant, a multitude of (8-bit) signal points are
represented by a single 5-bit address pair. For the 16-
QAM format ROM 290 generates on output path 311
the x and y components of a data assignment Ay, A,
from memory sub-bank 304A. ROM 290 also selects a
binary value of G, from memory (sub-bank 304B) and
outputs it on path 314, and selects the binary value of
@&, from memory (sub-bank 304C) and outputs it on path
315. Since this is only one quadrant of information,
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complete operation over four quadrants.

With this memory approach a demodulator design
may be upgraded as new and diverse modulation for-
mats come into use. For example, if a communication
manufacturer develops a modulation format using
diamond shaped boundaries, for whatever reason, then
it is only necessary to reprogram memory 290 in FIG. 9
to implement these new modulation format boundaries.
Even circularly shaped boundaries could be imple-
mented with this detector in FIG. 9.

High Speed and Low Resolution Implementation

Although there are advantages to operating error
detector 34 at very high-speed data rates, large size (i.e.,
high capacity) memories are required for high resolu-
tion and complex modulation formats. As stated above
there is a tradeoff between processing speed and resolu-
tion; high capacity memory devices and very high-
speed operation are not generally compatible. An alter-
nate embodiment of error detector 34 operating at very
high speeds but having the effect of large memory ca-
pacity is illustrated generally in FIG. 11. Error detector
101 comprises a data polarity correction circuit 340, a
larger and slower memory such as an electronically
programmable read only memory (EPROM 342), a
high-speed random access memory, RAM 344 [which
may be an emitter-coupled logic (ECL)] and an error
polarity correction circuit 346. Virtually any large
slow-speed memory device can be used for 342. Error
detector 101 can be implemented with standard off-the-
shelf emitter coupled logic components. For example,
RAM access times as low as 7 ns allow opeation on
symbol rates in the range of 70 to 100 megasymbols per
second. By using the larger, slower and easily program-
mable memory (EPROM 342) for storage, new modula-
tion formats are easily reprogrammed. The look-up
tables for all of the constellation patterns are stored in
EPROM 342. But, in this approach only the first quad-
rant needs to be stored so that smaller memory devices
can be used. The pattern select signal on path 54 causes
EPROM 342 to transfer a particular look-up table for
the selected modulation format (typically in a few ms)
into the much higher speed RAM 344. Correction cir-
cuit 340 translates all (Dx, Dy) input signals so that they
appear in the first quadrant. The translation process
makes the polarity sign of all (D, D;) data positive so
that the sign bit need not be processed. This reduces the
number of bits processed (and the resolution) by two.
Polarity correction circuit 346 translates the resulting
output data and error signals from the first quadrant to
the appropriate quadrant for the actual (Dy, Dj) input
signal addresses.

The process of translating two-dimensional informa-
tion on an x, y grid from any quadrant to the first quad-
rant can be a complex process. When the (Dy, Dy) input
signals being processed have low resolution, (e.g., are
represeénted by 5-bit bytes) each input signal represents
a finite range of signal values rather than single value or
point. Reducing the number of bits increases the num-
ber of signal levels being represented by a single value/-
byte. As the size of the signal boxes approach the size of
the modulation format zones, such granularity must be
taken into account in the detector processing. Two
processing steps that are performed are the cross and
dot product processing and the quadrant translation
processing. The cross and dot product equations used to
create the memory table values are adapted to low
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resolution processing by developing the errors from the
reference point to the center of each resolution element.
The basic calculations are performed with high resolu-
tion, however the output is truncated and rounded in
accordance with the desired output resolution (typi-
cally 4 bits). The cross and dot products are also divided
by the radius distance to the point in question from the
origin squared. This removes the tendency of the nor-
mal dot and cross product generated errors to be large
for large radii and small for small radii. Thus corrected,
the output errors require less resolution for good sensi-
tivity.

The quadrant translation process makes all values
positive by multiplying negative values by a (—1), i.e.
each negative binary value is two’s-complemented. For
modulation formats having zone boundaries on the
major x and y axes, (i.e., QPSK, §-PSK, 16-QAM and
64-QAM), the best sign translation of the received input
signal (Dy, Dy) is to truncate the binary value to the
desired resolution and then to invert this truncated
number (one’s-complement). FIGS. 12 and 13 can be
studied to see these effects. This produces the same
result as two’s complementing a higher resolution num-
ber and then truncating, but uses much less circuitry.

For the special modulation formats that have refer-
ence points on the major axes, (such as 9-QPR or 49-
QPR) a second technique is used since both the x and y
axes form the border between adjacent cells/resolution
elements. The zone around the axis, both positive and
negative, must be in one resolution element, e.g., cell
310 in FIG. 13. To modify the value of the received
signal point so that the zone around zero has one value
and equal to zero, the values are inverted (one’s comple-
mented) but with one additional bit of resolution. The
result is then rounded using this additional bit. [Round-
ing in binary is the process of not changing a number’s
value if the lower resolution bit is zero and raising the
number’s value by one (adding one to the number) if the
lower resolution bit is a one.] This derived number is
used in the memory table address. The numbers within
the table are obtained, as before, using the exact position
of the centers of the resolution elements and the exact
reference points, in a process with high precision arith-
metic giving results that are then rounded to the lower
resolution that is used as the output resolution. In FIG.
13 y-axis component values shown as cell 310 are pro-
cessed and used in the memory look-up process as if
they were cell 309. The consequence of this process is
that modulation formats with constellation states which
would logically have boundaries on the x, y axes can be
processed using the low resolution memory. This de-
tailed process is needed only in cases where low resolu-
tion is needed due to small memory size. The process of
using one quadrant for memory storage and using sym-
metry about the x and y axes are only required for appli-
cations using small high-speed memories.

High Speed/Constellation Format Selection

In accordance with one aspect of this invention, error
detector 101 shown generally in FIG. 11 is capable of
operating at very high speeds by minimizing memory
size requirements. Detector 101 shown in more detail in
FIG. 14 comprises constellation pattern select unit 103,
control circuit 106, ROM circuit 107, input-data pro-
cessing circuit 109, a plurality of RAM’s 111, and polar-
ity correction circuit 113. The pattern select circuit 103
is a very simple device that allows the constellation
pattern to be manually set to whatever pattern is de-

28
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sired. The function is shown pictorially as a select
switch 115 in the pattern select 103 which when oper-
ated causes ROM 107 to select a particular constellation
pattern from memory. A push button switch 117 on the
unit 103 is actuated for causing the selected look-up
table to be loaded from ROM 107 into RAM 111. The
pattern select unit 103 also produces a binary 1 on path
121 whenever the detector 101 is selected to operate
with respect to a partial response constellation pattern.
(A more detailed explanation of the pattern select cir-
cuit 103 follows in conjunction with the discussion of
FIG. 15)

Data Transfer

The following is a description of a rather standard

memory-data transfer technique. In FIG. 14, the se-
lected portion of memory in ROM 107, containing afl
the information for the selected constellation format
(i.e. the look-up tables), is transferred into the high
speed memory RAM’s 111A, 111B, and 111C. Thereaf-
ter the detector demodulates the input signals for the
format selected. The data transfer circuitry primarily
contains: a self-stopping counter 131 that generates a
sequence of memory addresses; a large memory circuit
ROM 107, several buffer registers 139; a pulse generator
123 creating WRITE pulses (transmitted through logic
circuit 135 and buffer 139); and load logic circuit 140
which ensures that the high speed memory address
comes from the transfer counter during the loading
operation.
In FIG. 14 ROM 107 has dedicated banks of memory
that store output data value assignments for each zone
in the first quadrant of each constellation paitern. ROM
107 also has banks of memory storing values of the
phase and gain errors, ., and G, for each input data
resolution element/point in each zone for each constel-
lation pattern programmed into detector 101. ROM 107
is responsive to a digital control byte on path 119 for
enabling access to output data values, gain error and
phase error memory banks thereof that are associated
with the particular constellation pattern selected by
. switch 115.

Control circuit 106 comprises a pulse generator 123, a
counter circuit 131, and logic circuits 135 and 140. Gen-
erator 123 is responsive to a start pulse from the pattern
select unit 103 for generating a train of timing pulses on
output path 125. Counter 131 counts the timing pulses
to produce 8-bit address bytes on signal paths 132 and
133 that are applied to ROM 107. The address words on
path 132 are also applied on paths 141 to logic circuit
140 and thus to the RAM'’s 111 via pipeline circuits 160
and paths 162 and 163. (Pipeline circuits 160 et al. are
parallel flip-flops needed to retime data streams in paral-
lel bus circuits. Such circuits realign the timing of the
input data bits which may experience differing amounts
of processing or propagation delays in the conventional
manner for high speed digital processing.) Pulse genera-
tor 123 also produces an enable output signal on path
127 that is continuously high when the pulse generator
is operating for enabling logic circuit 140 so that the
RAM's 111 are addressed by the count on paths 141.

ROM 107 outputs the contents of the look-up tables
addressed onto paths 137 for loading into RAMS 1114,
111B, and 111C. Additionally, logic circuit 135 is re-
sponsive to the two MSB’s (most significant bits) and
the two LSB’s (least significant bits) in the contents of
counter 131 for producing trains of pulses at different
times on the paths 136A, 136B, and 136C for succes-
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sively enabling associated RAM’s 111A, 111B, and
111C. This causes the RAM’s 111A, 111B, and 111C to
write the values of output data, gain error, and phase
error from the addressed 10 bit (1024) memory locations
in ROM 107 into memory locations in RAM’s 111A,
1118, and 111C, respectively, each having correspond-
ing 8-bit LSB’s addresses (256). These operations may
be accomplished by having the counter 131 first cycle
through an address count such as 256 on paths 132 while
enabling only RAM 111A with pulses on path 138A for
writing a table of correct values of data from addressed
10-bit memory locations in ROM 107 into correspond-
ing 8-bit memory locations of the same 8-bit address in
only RAM 111A. After the counter 131 has stepped
through a first count of 256, logic circuit 135 produces
a train of pulses on only path 136B and 138B for succes-
sively enabling only RAM 111B. At this time there is
also a bit change on one of the paths 133 which causes
a bank of ROM memory to then be addressed by the
8-bit count on paths 132. As the counter 131 steps
through a second count of 256 on paths 132, RAM 111B
writes a train of values of gain error from addressed
memory locations in ROM 107 into corresponding
memory locations of the same 8-bit address in only
RAM 111B. Following this second count of 256, logic
circuit 135 produces a train of output pulses on only
path 136C which enable only RAM 111C. At this time
another bit change on the paths 133 causes a third bank
of ROM memory to be addressed by the 8-bit count on
paths 132. During the subsequent third count of 256 on
paths 132 the RAM 111C writes the train of values of
phase error from addressed memory locations in ROM
107 into corresponding 8-bit memory locations of the
same 8-bit address in only RAM 111C. After this third
count of 256, the counter 131 produces a signal on path
134 that turns OFF the pulse generator 123.

FIG. 15 illustrates more detail of the memory data
transfer circuitry. ROM 107 comprises three different
ROM chips 107A, 107B and 107C. Each of the ROM’s
stores all of the possible correct data assignment values,
amplitude-error values, and phase-error values (for
example for 2 out of 6 different constellation patterns).
More specifically, ROM 107A stores values for a QPSK
and an unknown constellation pattern type whereas
ROM 107B stores values for the 16-QAM and 8-PSK
constellation patterns. ROM 107C is dedicated to quad-
rature partial response type signals and stores values for
the 3- and 7-level partial response constellation patterns.

To appreciate the functional operation of the data
signal transfer, the following describes QPSK informa-
tion being loaded from ROM 107A to RAM 111
Counter 131 comprises a plurality of series connected
4-bit hexidecimal counter chips 131A, 131B and 131C,
each of which has 4 count type output paths 50-54 and
an output carry path (designated as “CARRY"). The
logic circuit shown in FIG. 14 as element 135 comprises
NOR gate 183 and NAND gate 184 that operate on the
2 LSB’s from counter chip 131C for producing one
write pulse on path 185 for every 4 timing pulses from
pulse generator 123. Logic circuit 135 further comprises
NOR gates 186-188 and AND gates 189-190 that com-
bine the write pulses on path 185 with the 2 MSB’s on
paths 133-1 and 133-2 for sequentially steering trains of
write pulses 185 onto paths 136A, B and C as DATA,
GAIN and PHASE write pulses, respectively.

More specifically there is a train of write pulses on
path 136A (that is connected to RAM 111A) when
paths 133-1 and 133-2 are both low. Similarly, there is a
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train of write pulses on only path 136B when only path
133-1 is high. Also, there is a train of write pulses on
only path 136C when only path 133-2 is high. These
three trains of write pulses on paths 136A, B and C
cause associated RAM’S 111A, 111B and 111C to read
different groups of the contents of ROM 107A that are
successively presented on paths 137A-~137D as is de-
scribed more fully hereinafter.

Each of the programmable ROM chips used in this
implementation is sufficient to store two complete con-
stellation tables and is responsive to the same binary
control signal on pin A10 that selects which one of the
two areas of memory thereof and associated constella-
tion will be accessed by address signals on paths
132-1 to 132-8 and 133-1 and 133-2 of the counter chips.
Each of the ROM chips is enabled by a different u%i_que
associated control signal on the chip select pin CS so
that no two of the ROM chips are enabled at the same
time. The output terminals of the 3 ROM chips are tied
to a common set of paths 137A-137D which are con-
nected through buffer 139 (see FIG. 16) to the load-
input paths DI0-DI4 of each of the RAM’s.

Operation of selector switch 115 on pattern select
unit 103 in FIG. 14 produces a 3-bit digital signal on
paths A, B, and C in FIG. 15 which designates the
selected one of the six possible constellation patterns
that are available in this embodiment of the detector 101
in accordance with the following table.

MOD PATHS

FORMAT A B c
UNKNOWN 0 0 0
QPSK 0 0 1
16-QAM 0 1 0
8-PSK 0 1 1
3-QPRS 1 0 0
7-QPRS 1 0 1

The A bit is high for only partial response patterns
whereas the B bit is high for only the 16-QAM and
8-PSK patterns. The A and B bits are therefore inverted
and applied to the chip select pins CS of RAM’s 107C
and 107B, respectively. The A bit is also coupled onto
path 121 and used in the circuits shown in FIG. 17,
when the system is to operate in a partial response
mode. Since both the A and the B bits are low for the
unknown and QPSK patterns, the A and B bits are
applied to NOR gate 191, then inverted for producing a
control-enable signal on path 119A that is connected to
the CS pin of ROM 107A. The LSB C bit selects one of
the two constellation patterns (shown in the above ta-
ble) and the ROM’s. The C bit is the common control
signal that is applied to pin A10 of each of the three
ROM chips to designate which half thereof is to be
accessed. Note that the zone pattern referred to as the
“unknown constellation pattern” is the one used if the
received modulation type is totally unknown. This so-
called “unknown pattern” is the same as the 49-QPR
pattern since many different formats can fit into the
. 49-QPR zone pattern. Unknown formats can thus be
tracked until a further identification can be made by the
operator or processor after which the specific type can
be identified for better tracking and detecting.

In FIG. 15 pattern select 103 also comprises a one-
shot multivibrator 200 which is actuated by operating
switch 117. The Q output of one-shot 200 resets each of
the ocunter chips 131A-C. At the end of the one-shot
timing pulse, the counters and pulse generators 123
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begin sequential addressing the ROM memories for the
data transfer. The pulse generator may, by way of ex-
ample, have a pulse repetition frequency of 1 megabits
per second, which is 4 times the rate at which the ROM
chips are addressed. NOR gate 202 of the pulse genera-
tor produces an enable signal (“\ENABLE”) on path
127 which is continuously high during generation of
timing pulses on path 125 for enabling the banks of
AND gates 207 and 208 (in FIG. 17) that are used to
load the associated RAM’s. The ENABLE signal on
path 127 also disables signal data during the load time at
216-220 and 216'-220". AND gate banks 207 and 208 in
FIG. 17 comprise logic circuit 140 in FIG. 14. The
address bits on output paths 141-1 to 141-4 and paths
141-5 to 141-8 of the counter 131 of FIG. 15 (i.e., paths
132) are applied in FIG. 17 to the other inputs of AND
gates of the banks 208 and 207, respectively. The signal
on path 134 goes high when counter chip 131A over-
flows thus disabling gate 202, stopping the pulse genera-
tor 123, and removing the load enable on path 127.

In FIG. 15 each of the counter chip 131 is clocked by

“each timing pulse on path 125. The counter chip first

count from 0 to 255 (a first count of 256) on the 8 paths
132 for sequentially addressing memory locations of a
first group thereof in ROM chip 107A, for example.
This causes ROM 107A to make available on paths
137A-D associated correct values of data assignments
(Ax,Ay), Pe, and Ge for the selected QSK constellation
pattern, for example, which are connected through
buffer 139 to the load input pins DIO-DI3 of each of
the RAM’s in FIG. 16. These same 8-bit address words
on paths 132 are coupled on paths 141 through banks
207 and 208 of AND gates in FIG. 17 to the address
inputs of each of the three RAM’s. During this first
count of 256 the binary signals on paths 133-1 and 133-2
are both low. Since the WRITE control input (R/W) to
only RAM 111A is active (because of the DATA
WRITE pulses on path 138A during the first count of
256 on paths 132), then only RAM 111A is loaded with
the contents of associated memory locations in the data
ROM chip 107A. The counter chips then count from
256-511 on paths 132 and 133 (i.e., a second count of
256 on paths 132). Since the “GAIN ERROR” control
or write pulses on path 138B enable only the second
RAM, 111B, during this second count of 256, only
RAM 111B is loaded with the contents of associated
memory locations in ROM chip 107A. Finally, the
counter 131 counts from 512 to 767 on paths 132 and
133 (i.e,, a third count of 256 on the 8 paths 132) in
response to timing pulses from the pulse generator.
Since now only RAM 111C is enabled by phase error
write pulses on path 138C during generation of the third
count of 256, the same 8-bit address on paths 132 ad-
dress the 3 RAM’s and cause the 8-bit memory locations
in only RAM 111C to be loaded with values of phase
error for the selected QPSK constellation pattern from
ROM 107A. The counter then continues its count to
1023, addressing memory locations not used at this time.
After the counter has cycled through the requisite
count of 1023, for example, the signal on path 134 goes
high for turning off the pulse generator.

Stated differently, only the 8 output paths 132 of the
counter, which designate the count of 0-256, are cou-
pled on paths 141 to associated AND gates of the banks
207 and 208 thereof in FIG. 17. Since these gates were
previously enabled by the output of the pulse generator
on path 127, the 3 consecutive counts of 256 are applied
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on paths 162 and 163 to the x-and y-address inputs of all
3 of the RAM’s. The trains of output data assignments,
gain error and phase error write pulses on paths 138A,
138B and 138C are also successively applied to RAM’s
111A, 111B and 111C, respectively, at this time. This
causes RAM’s 1114, 111B and 111C to be sequentially
addressed during the first, second and third counts of
256 on paths 132 for loading then with the values of data
assignment, amplitude error, and phase error from the

particular ROM for the selected constellation pattern. 10

Quadrant Translation and Rounding

The (Dy,Dy) input data is processed always as a posi-
tive number (which places it in the first quadrant) with

the sign bit being routed to the polarity corrector for 15

eventual translation of the processed data to the correct
quadrant. For special constellation formats having data
points on the major axes, such as partial response for-
mats, “rounding” of data takes place, before truncation.

Referring to FIG. 14, the processing circuit 109 com- 20

prises a pair of logic circuits 143 and 153 and a pair of
pipeline circuits 148 and 160. These circuits operate
substantially independently on Dy and Dy for producing
associated data streams on paths 162 and 163 that are

independent of the particular quadrant to which they 25

belong and which are essentially x and y component
address words for addressing each of the RAM’s. Logic
circuit 143 buffers the MSB’s on input paths 31A and
31B onto paths 144 and 145 as the x-and y-polarity bits.

Logic circuit 143 also converts the remaining 5-bit digi- 30

tal words to the absolute values thereof on paths 146
and 147. The pipeline circuits realign the timing of the
input data bits which may experience differing amounts
of processing or propagation delays in the conventional
manner for high speed digital
circuits are not illustrated in FIGS. 16-17 for clarity
illustration.

If the signal on path 121 is a binary O, which indicates
that the selected constellation pattern is other than a

partial response pattern, the logic circuit 153 truncates 40

the signal on paths 149 and 150 to 4-bit words that are
otherwise passed without modification. If a partial re-
sponse pattern is selected by switch 115, a binary 1 on
path 121 (from pattern select 103) enables logic circuit

153 to cause a “rounding” process. The logic circuit 153 45

adds a binary 1 to the LSB position of digital words on
pths 149 and 150 if they already have a binary 1 as the
LSB thereof. This operation is readily accomplished by
adding a binary 1 to the LSB position on paths 149 and

150 and preventing overflow from the MSB position 50

thereof. Logic circuit 153 then truncates the modified
input signals and passes them as 4-bit address words on
paths 156 and 157.

Logic circuit 153 shifts the x-and y-axes for the se-

lected partial response (QPR) constellation pattern in 55

the ROM by one-half of the LSB there. This means that
in the ROM address the zone structure can be centered
on or along the axes at x=0 and y+0 as is required for
partial response signals, (e.g., as zone 309 is shifted to

zone 310 in FIG. 12), This essentially provides an addi- 60

tional bit of address resolution without increasing the
size of the ROM and RAM memories.

The truncation is performed to reduce the size of the
digital addresses to 4-bit for both of the in-phase and

quadrature components. Fast RAM’s that are commer- 65

cially available are the Hitachi HM 10422 (having access
times of 7 nanoseconds) and the Motorola MCM 10422
(with 10 nanoseconds access time); both are 8-bit

31

ing. The pipeline 35
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RAM's. If slower speeds of operation are acceptable
then RAM’s having a larger number of address bits
could be employed, thus providing higher resolution
without the above processing.

More specifically, the processing logic circuit 109
shown in FIG. 14 comprises in-phase (x-axis) and quad-
rature-phase (y-axis) input signal processing channels
211 and 212 as shown in FIG. 17. Channels 211 and 212
convert 6-bit input signals on paths 31A and 31B to 4-bit
words on paths 162 (A-D) and 163 (A-D). Only the
in-phase processing channel 211 will be described in
detail since the two channels are substantially identical.
In FIG. 17 the in-phase or x-axis component of the input
signal is a 6-bit word on paths 31A-1 to 31A-6 with the
MSB or sign bit bs being on path 31A-6 and the LSB by
being on path 31A-1. This input signal is in 2’s comple-
ment form in this embodiment of the invention since the
A/D converters 30A and 30B in FIG. 2 produce output
signals in 2's complement digital format. Thus, the MSB
(on path 31A-60 is a binary 1 when the sign of the x
component is negative in the second and third quad-
rants of a constellation pattern. Conversely, the MSB
(on path 31A-6) is a binary 0 when the sign of the x-
component is positive by being in the first or fourth
quadrants of the constellation pattern. Similarly, the
MSB (on path 31B-6) is a binary 1 when the sign of the
y-component is negative in the third the fourth quad-
rants. Conversely, the MSB (on path 31B-6) is a binary
0 when the sign of the quadrature-phae component is
positive in the first and second quadrants.

The in-phase (x-axis) processing channel 211 com-
prises an AND gate 214 which acts as a buffer, a plural-
ity of exclusive -OR. gates 216-220 for selectively in-
verting bits of the in-phase input signal, a second AND
gate 222 which is enabled by a binary 1 on path 121 for
selectively operating on the LSB when the system is
operating on partial response signal constellation pat-
terns, an adder circuit 224, and a plurality of OR gates
228 which are all enabled only when there is a carry
output from the adder 224. The output signals of the OR
gates 228 and 228’ make up the 8-bit address to the
RAM’s (111 in FIG. 14). The exclusive-OR gates
216-220 are the major elements of the logic circuit 143
in FIG. 14, The AND gate 222, adder 224 and OR gates
226 are the major elements of logic circuit 153 in FIG.
14. The AND gate 222 is enabled by a binary | on path
121 when a partial response signal pattern is selected by
unit 103. AND gate 214 (which acts as a buffer) has a
logic 1 output with an in-phase input signal in the sec-
ond and third quadrants. When the in-phase polarity bit
is negative, the MSB on pth 31A-6 is a binary 1. A
binary 1 on path 215 triggers all of the exclusive-OR
gates 216-220 causing them to invert all of the magni-
tude or non-sign bits of the in-phase input signal on
paths 31A-1 to 31A-5. This essentially folds the lower
address space FIG. 12 about the x-axis and onto the
upper half of the address space. Thus, the binary word
11001 in box 203 becomes the word 00110 in box 205
after the folding process. This essentially gives 5-bit
resolution in an implementatin where there are only
four output bits that can be used to address a RAM. The
AND gate 222 is enabled by the partial response bit on
path 121 and operates for producing a binary 1 on path
223 only when the LSB for the component of the input
signal is a binary 1. This accomplishes the desired shift-
ing of the x-axis of the zone pattern as was described
previously so that input signals may be processed that
are actually on the x-and y-axes. This binary 1 on path
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223 is applied to the carry input of adder 224 for causing
it to increment the 4-bit word on paths 225-1 to 225-4.
. The resultant signal from the adder 224 is coupled
through OR gates 228 and is the 4-bit x-axis address that
is applied to each of the RAM’s. If the folded x-axis
input signal on paths 31A corresponds to the lower
most word position 11111 (ignoring the MSB or sign
bit) in FIG. 13 or 7 for 3 level partial response, then
adder 224 converts this word to 00000 which is incor-
rect and is referred to as overflow. The resultant carry
bit in counter 224 in this instance is applied on path 226
to each of the OR gates 228 for forcing the 4-bit x-axis
address to the word 1111 which is a more correct indi-
cation of the input signal.

The operation of the quadrature-phase (y-axis) chan-
nel 212 is substantially the same as was just described
when AND gate 214' has a binary 1 output of an input
signal in the third and fourth quadrants (where the
y-axis channel polarity bit is negative such that the MSB
on path 31B-6 is a binary 1) for producing a binary 1 on
path 215'. Thus, the exclusive-OR gates 216'-220" are
triggered to invert the 5 LSB’s of the y-axis input signal
on paths 31B only when this signal is in the third and
fourth quadrants. This produces the same folding action
as was described previously. With both axes folded. the
system operates in or with respect to a signal quadrant
(i.e., the first quadrant in FIGS. 28 and 29). The 4-bit
output signal of the OR gates 228’ is the Y-axis address
which is applied to each of the RAM’s.

The RAM’s 111 (FIG. 16) are responsive to the 8-bit
address words on paths 162~163 for outputting an asso-
ciated 4-bit data output assignment word on the output
paths of RAM 111A, a 4-bit gain error signal on the
output paths of RAM 111B, and a 4-bit phase-error
signal on the output paths of RAM 111C. The gain error
signal does not require polarity correction for the cor-
rect quadrant. Correction of the polarity of the data
output and phase-error signals is required, however, for
translating this information back to the quadrant that
actually contains the input signal (Dx,D,).

Qutput Polarity Correction

The polarity correction circuit 113 in FIG. 14 com-
prises a data output polarity correction circuit 176; and
phase correction circuits 178 and 180. Functionally the
data output correction circuit 176 adjusts the first quad-
rant x-and y-component data values from RAM 111A,
to correct data output value assignments for the quad-
rant in which the received signal actually appeared.
Correction is not required for the amplitude (gain) error
signal from RAM 111B. The logic circuit 178 produces
a control signal on path 179 when it senses that the input
signal is actually in the second or fourth quadrant. The
phase correction circuit 180 is responsive to this control
sigal to cause the reversing (2’s complement) of the
polarity of the phase-error signal from RAM 111C for
these two quadrants of the input signal. No correction
of the phase-error signal is required when the received
data signal is in the first and fourth quadrants. More
specifically, the output error signal of RAM 111C for
the first quadrant drives the phase of the VCO 24 in
FIG. 2 in the correct direction for reducing the phase
difference between the received signal and the center of
the appropriate zone of the particular zone pattern.

Referring to FIG. 18, the phase error is represented
by the line vectors. I} is an example of a received signal
in the second quadrant having phase error ®.;. When
the second quadrant is folded about the y-axis, the re-
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ceived signal is processed with respect to the first quad-
rant, i.e., the absolute value thereof (which maps I to
position I). However, the resultant counter-clockwise
arrow ®,; that represents the requisite phase error has
the wrong or incorrect sense. Thus, correction of the
sense (sign reversal) of the phase-error signal from
RAM 111C is required for a received signal in the sec-
ond quadrant. Similarly, when the phase error repre-
sented by the arrow @3 for the received signal I3 in the
fourth quadrant is folded about the x-axis into the signal
14 and arrow @4 in the first quadrant, it is seen that the
phase-error signal vector ®.4again has the wrong sense.
Correction of the sense (polarity) of the phase-error
signal is therefore also required in the fourth quadrant.
For a received signal Is in the third quadrant, and the
associated phase error represented by arrow @5 both x
and y are negative so that the third quadrant is folded
about both the y-and x-axes). However, the arrow @5
first folds into the arrow ®,3 in the fourth quadrant and
then into the arrow ®4 in the first quadrant which has
the same sense (clockwise) as the arow ®.sin the third
quadrant. Thus, correction of the direction of the phase-
error signal is not required for the third quadrant.

A control signal for indicating that the direction of
the phase error must be reversed for the second and
fourth quadrants is obtained by applying the x-and y-
polarity signals on paths 31A-6 and 31B-6 to the exclu-
sive-OR gate 231 in FIG. 17. The operation of ex-OR
gate 231 is tabulated below.

POLARITY
+=0, —=1 QUADRANT Ex-OR
X Y # 231
+ + 1 0
- + 2 1
- - 3 0
+ - 4 1

The output of Ex-OR gate 231 on path 179 is a binary
1 (high) for only the second and fourth quadrants.
When the output of gate 231 is high, inverter 180 re-
verses (in 2’s complement format) the sense of the
phase-error signal from RAM 111C. But, when the
control signal on path 179 is a binary 0 (low), indicating
that the received signal is in either the first or third
quadrant, inverter 180 passes the phase-error signal for
RAM 111C without inversion.

The data assignment output from RAM 111A is an
estimate of the correct in-phase and quadrature-phase
data values for the received signal. Polarity correction
of the data assignment is accomplished in circuit 176
shown in FIG. 16 and comprises two pairs of exclusive-
OR gates 237-238 and 239-240. Each bit of the two
pairs thereof from RAM 111A (that define the x-and
y-data values) is applied to an associated one of the
exclusive-OR gates 237-240. The x and y polarity bits
on paths 144 and 145 are applied to the other inputs of
exclusive-OR gates 237-238 and 239-240, respectively,
OR-gates 237 and 238 are responsive to a binary 1 on

" path 144 (indicating that the received signal is either in
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the second or third quadrant) for inverting the associ-
ated in-phase channel data output bits from RAM 111A.
Similarly, the OR-gates 239 and 240 are responsive to a
binary 1 on path 145 (indicating that the received signal
is in either the third or fourth quadrant) for inverting
the associated y-channel data output bits from RAM
111A. The original x-and y-polarity bits on paths 144
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and 145 are the MSB/polarity bits of the corrected
in-phase and quadrature-phase data output signals.

Tracking Behavior and False Tracking Points.

Constellation patterns with complex structures, such
as 16QAM, 64-QAM, 9-QPR and 49-patterns, can
cause the demodulator to exhibit false orientations, i.e.
orientations incorrectly aligned. Before detailing a solu-
tion to this problem, it is helpful to appreciate the dy-
namics of a tracking loop and error detector in this
demodulator. FIG’s 19-21 are plots of the average am-
plitude and phase errors, which are also called tracking
trajectories, and they illustrate how the tracking loop
and detector 34 in the receiver respond to particular
amplitude and phase errors. Ideally a perfect receiver
should cause the input errors to quickly converge to a
zero amplitude (0 db) and zero phase error (0°). And
indeed FIG. 19 indicates such a response for a 4PSK
constellation pattern. Given any specific phase and gain
errors, the receiver tracks the errors and reduces them
to a zero level. For example, in FIG. 19 the point
marked with “*” indicates an initial amplitude error of
°2.5 dB and an initial phase error of approximately
+43°, As the receiver trakcs the initial error, it is con-
tinuously reduced to 0 dB and 0° as shown by the error
track moving to the far left of the figure. FIG. 19 indi-
cates that for any amplitude error between +3 dB and
any phase error from —5° to +55°, the tracking
loop/detector will cause an error level convergence to
zero. There are no undesired false stable orientations of
the receiver. However, this is not the situation for all
modulation formats.

For an 3-PSK input signal, there are two stable for-
mat orientations, either of which is correct. This is
illustrated in the tracking trajectory in FIG. 20 which
indicates that the receiver drives the phase and gain
error so that the resultant gain error is on the 0 dB line
and the resultant phase error is centered either at 0° or
45°, Either of these is correct for 8-PSK signals since
with modulation format has an eight-fold symmetry,
i.e., it has data points at every 45°. The problem of false
lock orientation is evident in FIG. 21 which illustrates
the tracking trajectory of the demodulator for 16-QAM
input signal. For phase errors <20° the receiver cor-
rectly shifts the phase and amplitude of the (Dx,Dy)
input signals to a point of zero phase and gain error.
However, for angles or phase errors >30° the receiver
drives the input signals to several possible incorrect
stable orientations. Notwithstanding the sizeable phase
and amplitude error offsets, detector 34 outputs zero
level &, and G, signals on paths 40 and 42, and there-
fore, the receiver stays locked up on an incorrect orien-
tation.

As is illustrated in FIG. 21 and 22, higher order mode
formats such as 16-QAM and 3-level partial response
have the problem of false but stable phase lock orienta-
tions which are not seen in n-phase (QPSK, 8-PSK)
modulation formats. This is illustrated in a slightly dif-
ferent manner in FIG. 23. Two 3-level partial response
constellation patterns are illustrated: one which is cor-
rectly oriented with “no-error” constellation points
indicated by “*”, and one which is incorrectly oriented
by +45° (with respect to the receiver developed coor-
dinates shown) with “no-error” data points designated
by circles “0”. The data points (designated by an *)
exactly coincide with the centers of the respective
zones. Each of the incorrectly oriented signal points,
o’s, lie on the associated reference vector lines which go
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from the center of the coordinate system to a reference
point. The computed phase error ®, (cross product) is
zero for this situation and therefore, the receiver would
interpret this phase orientation to be correct and stable.
The amplitude error portion of the receiver operates in
a similar manner for concluding that the amplitude of
the received signal points (Dx,D)) and at the correct
level. The input signal points lying along the 45° refer-
ence vector lines have an amplitude that is slightly less
than the requisite amplitude to be in the center of a
zone, This apparent error is balanced, however, by the
input signal point line along the x and y axes of the
reference coordinate system whose amplitude is a simi-
lar amount greater than it should be for it to lie in the
center of the zone pattern (i.e., on an associated refer-
ence point). These two erroneous amplitude levels
therefore balance one another and the receiver con-
cludes that the amplitude is being tracked correctly.
For a 3-level partial response constellation pattern this
condition is represented in FIG. 22 by the stable track-
ing point 77 at a +-45° phase error and a +0.5 dB gain
error. This results in incorrect decoding of the input
signal and produces useless (erroneous) data. This prob-
lem is identical in its extent and solution for the one or
two-dimensional detectors.

False-Lock Solution—Kick Logic

Again referring to FIG. 2, the phase-error and gain-
error signals ®.and G.on paths 42 and 40 are applied to
a kick logic circuit 76. The kick logic circuit produces a
control signal on path 43, which is digitally added with
@, in digital adder 65. The output of this adder on path
45 controls the phase of VCO 24 through D/A 44 and
servo compensation circuit 46. Functionally the kick
logic circuit produces an output pulse whenever the
magnitude of the time averaged error signals ¢, or G,
exceed a predetermined level. A pulse from the kick

~ logic circuit causes the tracking loop and oscillator 24
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to jump to a new phase and amplitude lock-point. The
purpose of the kick-logic circut is to detect and correct
for the situation where the received signals are tracked
in an incorrect constellation pattern orientation as was
described in conjunction with FIGS. 21 and 22. In these
incorrect orientations or false tracking situations, error
detector 34 generates average @, and G, error signals
equal to zero. Although the average values are zero, the
instantaneous error values of individual (Dx,Dy) points
can be quite large since the (Dx,Dy) input signals do not
correctly fit into the programmed constellation zone
structure. By processing the unsigned magnitude of the
error values, instead of looking only at the algebraic or
signed average values, it is possible to distinguish be-
tween correct and incorrect receiver orientations.
Two processing techniques can accomplish this pro-
cessing function. One such processing technique is most
useful in situations of little or no noise compared to the
level of the received input signal. In this case a detec-
tion and threshold comparison circuit (or processing
algorithm) can be implemented to detect an incorrect
orientation (see FIG. 24). When more noise is present
with the received signal level, the magnitudes of the
error voltages will be large due to noise and therefore,
the additional error magnitude due to incorrect orienta-
tion is not as readily recognizable. A kick-logic circuit
for operating in this environment is shown in FIGS. 24
and 25. In this situation the error signals are first pro-
cessed by time averaging the error voltages separately
for the signals received in each zone. The purpose of
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time averaging is to reduce the effect of variations
caused by random errors such as white noise. The error
magnitude due to incorrect orientation will not be re-
duced, however, by this time averagine process. There-
fore, after an appropriate amount of time averaging, an
averaged error signal is processed as is described in
relation to FIG. 24. A simple threshold function or
circuit is used to distinguish between correct and incor-
rect orientations.
The corrective action that must be taken, regardless
~ of which of the above described processing technique is
employed to determined whether the received constel-
lation pattern is incorrectly or correctly oriented, is a
process of “kicking” the phase orientation a number of
degrees. The phase shift kick is randonly selected so
that the tracking loop circuitry will have a chance to
reacquire the correct constellation pattern orientation.
The exact angle or amount of the kick is preferably
randomly chosen so that it is not possible for the con-
stellation to be systematically kicked from one incorrect
orientation to another incorrect orientation in such a
systematic way that it will never find a correct orienta-
tion. When the amount of reorientation is randomly
‘selected, such systematic effects will be removed. The
amplitude of the phase kick preferably randomly varies
in the range of from 10° to 60°. After the phase kick, the
time averaging circuitry that is inputting information
for the threshold comparison (156, 157) is reset or
cleared so that new information on the error variations
is used in the next decision as to the correct or incorrect
orientation. This assures that the previous incorrect
_orientation information will not bias a new decision.
Kick-Logic Detailed Description

A block diagram of a fundamental kick-logic process-
ing circut 150 is shown in FIG. 24. The phase and gain
errors are applied to absolute value circuits 151 and 152
that change that signed values of the inputs thereto to
the absolute values thereof. These absolute value signals
are summed by adder 153 and are applied to a low pass
filter type of time averaging device 154. Alternatively,
circuit 154 may be an integrate and dump type of pro-
cessing circuit. A digital comparator 156 compares the
time-average value of the amplitudes of the error is
signal sum to a threshold set by circuit 157. If, on the
basis of this comparison, the time-averaged variation is
higher than the threshold, the output of comparator 156
on path 159 triggers pulse generator 158 to produce a
pulse of random amplitude on path 43 (the kick pulse
signal) which is applied to adder 65 in FIG. 2. The sum
of the phase error and kick pulse signals is an 8-bit byte

- on path 45’ which is coupled through circuits 44 and 46
in FIG. 2 for driving the VCO 24. This causes the re-
ceived constellation pattern to be rotated a random
amount. )

Under conditions in which there is a large amount of
white noise at the receiver input at path 10, time averag-
ing is performed on the error signals before the error
magnitude thereof can be summed and compared with a
threshold as is done in FIG. 24. A preferred implemen-
tation of this concept is shown in FIG. 25 and comprises
a slow speed general purpose processor 162 such as a
microprocessor. By virtue of the slow speed of a micro-
processor, input signals thereto are subsampled by cir-
cuit 164 which comprises a high speed D-flip flop 166
that is driven by a counter 168. The counter 168 sets a
time between samples that is the amount of time neces-
sary for the processor to complete its processing. The
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output of the counter triggers storage device 166, such
as a plurality of D-flip flops, which store the phase-
error value, gain-error value, and output data assign-
ment. The purpose of the high speed subsampler is to
assure that the phase error, gain error and data assign-
ment are all from a single input signal constellation
state. The output of the subsampler 164 is passed on to
the microprocessor circuitry 162. After the amount of
time required for microprocessor 162 to process the
data in the manner described hereinafter the subsampler
164 samples and holds another signal state sample for
processing. It should be noted that the subsampling
circuit 164 is not an inherent part of the kick-logic func-
tion. It is only needed if a slow speed general purpose
processor is used in accomplishing this function. If high
speed orientation correction is desired, then a special
high speed processor 162 may be utilized and the sub-
sampler 164 is not needed.

The general purpose processor Or miCrOpProcessor
circuit 162 implements the process shown in the logic
flow diagrams FIGS. 26 and 27. The general purpose of
the algorithm there is to implement the process as de-
scribed in the immediately preceeding description that
references FIGS. 24-25. Initially the process time-aver-
ages the errors for each designated zone in the constel-
lation pattern. After the required amount of time aver-
aging the error for all zones, the error magnitudes are
returned to a part of the algorithm which implements
the process that is shown in FIG. 24. In the process in
FIG. 24, the absolute values of the phase and amplitude
errors are calculated, added together, and then low pass
filtered or averaged, the result being compared with a
fixed threshold. If the average error is greater than a
threshold value then a command is given to pulse gener-
ator circuit 158 which then generates a random ampli-
tude fixed width pulse required to get a 10°-60° step in
the phase of the received signal.

A more detailed description of the time averaging
and the threshold testing process for the embodiment in
FIG. 25 is shown in FIG. 26. Steps 301-307 implement
the time averaging of the error signals in each desig-
nated zone. When a signal is received the zone identifi-
cation or output data on paths 36 and 38 as an address is
used to look up in the microprocessor’s memory a run-
ning total of the old average phase error and the old
average amplitude error for that designated zone
(301-302). The new error values are functionally added
in an algebraic or signed manner to produce new SUM
values (303). Implementing the low pass filter approach
with the processor 162, the fractions of the old and new
should add to 1.0. The next step 305 stores the resultant
error signals in the proper memory locations for the
designated zone. If an integrate and dump technique is
employed with processor 162 for doing the time averag-
ing then the new and old are simply added for the num-
ber of samples. After this processing is completed a
timer or counter circuit is incremented and its total
value is checked. These latter steps 307 and 308 require
that a fixed number of data points be averaged before
terminating the averaging process and making a com-
parison that is similar to what is done in FIG. 24. If the
processing time is such that a prescribed number of data
points have not yet been processed then the process
goes back to step 301 and is repeated for new data val-
ues. Once error signals for a appropriate amount of data
(as determined by the counter) have been averaged the
algorithm in FIG. 27 is implemented.

34
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As stated previously the program of FIG. 27 imple-
ments many of the steps in FIG. 24. In the process in
FIG. 27 steps 311-315 sequentially increment through
all of the zone addresses, summing into a total register a
new running total of the SUM of the absolute values of
the average phase errors and the average gain errors.
The result in the total register (315) is divided by the
number of zones (based on the constellation ident —54)
to produce a more normalized value thereof (316). The
SUM of the averages that is contained in the total regis-
ter is then compared to a threshold value in step 317. If
the resultant from step 316 is greater than the threshold
value, the processor 162 generates a command on path
159 that causes generator 158 to produce a random
amplitude fixed width pulse, for example, which causes
the 10°-60° amount of phase shift. If the resultant from
step 316 is less than the threshold then the process con-
tinues by resetting the total registers and counters and
memory locations for the old phase and gain errors to
prescribed value (318) and returning the process to step
301 at the top of FIG. 26.

While the invention has been described with refer-
ence to its preferred embodiments, it will be understood
by those skilled in the art that various changes may be
made and equivalents may be substituted for elements
theeof without departing from the true spirit and scope
of the invention. In addition, many modifications may
be made to adapt a particular situation or material to the
teaching of the invention without departing from its
essential teachings. By way of example ROM’s 56 and
58 in FIG. 8 may be implemented with logic circuits
that are formed of discrete components and circuits.
Also the embodiments of FIGS. 9 and 11 are only illus-
trative of the concept of generating and storing error
signals for as many possible received signal states-points
in each zone as is practical. Where extensive memory is
available and lower speed operation is acceptable then
almost unlimited resolution is possible. The scope of this
invention is therefore to be determined by the appended
claims rather than the aforementioned detailed descrip-
tions.

What is claimed is:

1. In a digital communication system including a
transmitter for generating a digitally modulated carrier
signal having any one of a known plurality of phase-
amplitude modulation formats, each format character-
ized by a unique constellation pattern of transmitted
phase-amplitude states, and a receiver for demodulating
the digitally modulated carrier signal, apparatus for
demodulating the digitally modulated carrier signal and
for locking onto to the phase and amplitude of the digi-
tally modulated carrier, said apparatus comprising:

receiving means for receiving the digitally modulated
carrier signal;

splitting means for splitting the received digitally
modulated carrier signal into in-phase and quadra-
ture-phase signal components;

A/D converter means for periodically digitizing said
in-phase and quadrature-phase signal components
to form the signal pair (Dx,Dy), Dy being the peri-
odic digital representation of the in-phase signal
component and D, being the periodic digital repre-
sentation of the quadrature-phase component;

identifying means for identifing the particular modu-
lation format of said received digitally modulated
carrier signal;

first memory means for periodically receiving said
D, in-phase signal component as a memory ad-
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dress, said first memory means containing for each

modulation format first and second tables, each of

said first tables for converting values of Dy into
corresponding R reference values, and each of
said second tables for converting values of Dy into
corresponding Ax data assignment values;

second memory means for periodically receiving said

Dy quadrature-phase signal component as a mem-

ory address, said second memory means containing

for each modulation format third and fourth tables,
each of said third tables for converting values of

Dy into corresponding R, reference values, and

each of said fourth tables for converting values of

Dy into corresponding Ay data assignment values,

where

(a) a corresponding reference pair (RxR;) and a
cotresponding assignment pair (Ax,Ay) exist for
Caﬁh (ngDy) Sigﬂal Pail',

(b) a one-to-one correspondence exists between
each (Rx,R,) reference pair and one of the trans-
mitted phase-amplitude states mapped onto a
two-dimensional x,y signal space and,

(c) a one-to-one correspondence exists between
each (AxA,) assignment pair and one of the
transmitted phase-amplitude states mapped onto
a two-dimensional x,y signal space;

selection means coupled to said first and second mem-
ory means for selecting each of said tables for said
identified modulation format;

first logic means coupled to said first memory means
for generating the digital signal Ex by subtracting

Rx from Dy;

second logic means coupled to said second memory
means for generating the digital signal E, by sub-
tracting Ry from Dy,

third logic means for generating a phase-error signal
&d,, where

©e=(RyEx—RxEy) and
a_gain-error signal G,, where
Ge’(RxEx‘{' R yEy))

first feedback means coupled to said receiving means
for correcting the amplitude of said digitally modu-
lated carrier signal in accordance with said gain-
error signal G,; and,
second feedback means coupled to said splitting
means for correcting the phase of said in-phase and
quadrature-phase signal components in accordance
with said phase-error signal ®..
2. The apparatus of claim 1 wherein said first feed-
back means further comprises:
first averaging means for averaging a plurality of
gain-error signals G, and for varying the amplitude
of said digitally modulated carrier signa in accor-
dance with said averaged gain-error signals.
3. The apparatus of claim 2 wherein said second feed-
back means further comprises:
second averaging means for averaging a pluraity of
phase-error signals @, and for varying the phase of
said in-phase and quadrature-phase signal compo-
nents in accordance with said averaged phase-error
signals d,.
4. The apparatus of claim 3 wherein said splitting
means further comprises: .
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oscillator means for generating a local reference sig-
nal having substantially the same frequency as the
digitally modulated carrier signal and having a
control input for varying the frequency of said
reference signal; 5

second splitting means coupled to said receiving
means for splitting the modulated carrier signal
into first and second modulated signals;

first mixing means for mixing said first modulated
signal with said local reference signal and generat- 10
ing said in-phase signal component; and,

second mixing means for mixing said second modu-
lated signal with said local reference signal phase
shifted by 90° and for generating said quadrature-
phase signal component. 15

§. The apparatus of claim 4 further comprising:

clock recovery means coupled to said receiving
means for recovering the encoding interval period
of the modulated carrier signal.

6. The apparatus as in claim 5 wherein said identify-
ing means generates a digital pattern select signal hav-
ing encoded therein said particular modulation format.

7. The apparatus as in claim 6 wherein said selection
means further comprises a data path combining said
digital pattern select signal with said Dy and D, ad-
dresses at said first and second memory means respec-
tively, for selecting each of said tables.

8. The apparatus as in claim 7 wherein said first and
second memory means further comprise: 10

a pair of ROM look-up table devices.

9. A demodulator for demodulating a digitally modu-
lated carrier signal having one of a known plurality of
modulation formats, each format characterized by a
unique constellation pattern of phase-amplitude states, 45
said demodulator comprising;:

first mixing means for receiving said digitally modu-
lated carrier signal and for mixing said signal with
a local reference signal for deriving in-phase and
quadrature-phase signal components of the digi- 49
tally modulated carrier signal;

A/D digitization means for periodically digitizing
said in-phase and quadrature-phase signal compo-
nents to form the signal pair Dx and Dy, Dy being
the digital representation of the in-phase signal 45
component and Dybeing the digital representation
of the quadrature-phase component, said signal
pair representing a signal point in a two-dimen-
sional phase-amplitude signal space having a coor-
dinate origin representing a zero signal amplitude; sp

first converting means for converting each of said Dx
digital signal components into one of a plurality of
reference values R, by mapping each of said Dy
digital signal components into a plurality of one-
dimensional zones each having R, center values, 55
said zones being a function of the one modulation
format of said digitally modulated carrier signal;

second converting means for converting each of said
Dy digital signal components into one of a plurality
of reference values R, by mapping each of said Dy 60
digital signal components into a plurality of one-
dimensional zones orthogonal to said R; zones,
each zone having R, centers, each pair of Ry and
R, reference values representing a point in said
two-dimensional signal space which corresponds 65
to one of the transmitted phase-amplitude states,
said zones being a function of the one modulation
format of said digitally modulated carrier signal;
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third converting means for converting each of said
D digital signal components into a data assignment
signal Ax;

fourth converting means for converting each of said
Dy digital signal components into a data assignment
signal Ay, each pair of said data assignment signals
A and A, identifying one of the mapped two-di-
mensional zones corresponding to a transmitted
phase-amplitude state, said assignment pair thereby
representing a form of the modulation applied to
said carrier;

first logic circuit means for detecting the phase-error,
@,, between the phase angle associated with the
modulated carrier signal and the phase angle asso-
ciated with said local reference signal;

second logic circuit means for detecting the gain-
error, Ge, between the amplitude associated with
the signal pair Dy and Dy and the amplitude associ-
ated with the corresponding pair of reference val-
ues Rz and Ry;

first feedback means responsive to said phase-error
@, for coupling said phase-error signal @, to said
first mixing means, said mixing means including
means for adjusting the phase of said local refer-
ence signal in response to said phase-error signal
D,; and

second feedback means responsive to said gain-error
signl G, for coupling said gain-error signal G, to
said first mixing means, said mixing means includ-
ing means for adjusting the amplitude of said digi-
tally modulated carrier signal prior to said digitiza-
tion and in accordance with said gain-error signal
Ge.

10. The demodulator of claim 9 wherein said first

logic circuit means further comprises:

means for forming the digital error signal E, by digi-
tally subtracting Ry from Dy;

means for forming the digital error signal E, by digi-
tally subtracting Ry from Dy;

third logic circuit means connected to said first and
second logic means, said third logic means for gen-
erating said phase-error signal ®,, by computing
the quantity (RyEx—R+Ey).

11. The demodulator of claim 10 wherein said second

logic circuit means further comprises:

fourth logic circuit means connected to said first and
second logic circuit means, said fourth logic circuit
means for generating said gain-error signal G. by
computing the quantity (RxEx+R,E;).

12. The demodulator of claim 11 wherein said second

feedback means further comprises:

first averaging means for averaging a plurality of
gain-error signals G, and for coupling the averaged
gain-error signals to said first mixing means for
varying the amplitude of said digitally modulated
carrier signal in accordance therewith.

13. The demodulator of claim 12 wherein said first

feedback means further comprises:

second averaging means for averaging a plurality of
phase-error signals ¢, and for coupling the aver-
aged phase-error signals to said first mixing means
for varying the phase of said in-phase and quadra-
ture-phase signal components in accordance there-
with.

14. The demodulator as in claim 13 further compris-

identifying means coupled to said first, second, third,
and fourth converting means, said means identify-
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ing the particular one modulation format of the
digitally modulated carrier signal and generating a
pattern select signal corresponding to said identi-
fied format for controlling the zone mapping of

each of said converting means. 5

15. The demodulator as in claim 14 wherein said first
mixing means further comprises:

splitting means for separating the modulated carrier

signal into first and second modulated signals hav-

ing the same amplitude; 10

oscillator means for generating said local reference
signal having substantially the same frequency as
the digitally modulated carrier signal and having a
control input for varying the frequency of said

reference signal; 15

second mixing means for mixing said first modulated
signal with said local reference signal and generat-
ing said in-phase signal component; and,

third mixing means for mixing said second modulated

signal with said local reference signal phase shifted 20

by 90° and generating said quadrature-phase signal
component.
16. The demodulator as in claim 14 wherein said
plurality of modulation formats includes 16QAM.

17. The demodulator according to claim 15 in which 25

said first converting means is a ROM device.

18. The demodulator according to claim 17 in which
said second converting means is a ROM device.

19. The demodulator as in claim 15 further compris-

ing: 30

clock recovery means coupled to said first mixing
means, said recovery means generating a clock
signal corresponding to the encoding interval per-
iod of said modulated carrier signal, said clock

signal controlling the digitizing period of said A/D 35

digitization means.
20. In a digital communication system including a
transmitter for generating a digitally modulated carrier
signal having any one of a known plurality of phase-

amplitude modulation formats, each format character- 40

ized by a unique constellation pattern of transmitted
phase-amplitude states, and a receiver for demodulating
the received digitally modulated carrier signal, appara-
tus for demodulating the received digitally modulated

carrier signal comprising; 45

oscillator means for producing a pair of local refer-
ence signals having substantially the same fre-
quency as the carrier signal and having a 90° phase
difference with respect to each other;

mixer means coupled to said oscillator means for 50

splitting the digitally modulated carrier signal into
in-phase and quadrature-phase signal components
by separately mixing said digitally modulated car-
rier signal with said pair of local reference signals;

means for periodically converting said in-phase and 55

quadrature-phase signal components into a pair of
digital signals Dx and D), Dy beng the digital in-
phase signal component and D, being the digital
quadrature-phase component, said digital signal

pair representing a phase-amplitude state in a two- 60

dimensional signal space;

a first memory means for receiving said Dy signal
components as an address, said first memory means
having a plurality of first memory banks, one of

which is associated with the one modulation format 65

of the digitally modulated carrier signal, each of
said first memory banks having look-up tables for
converting values of Dy into corresponding muiti-
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bit values of Ry, where the plurality of Rx values
correspond to the projection of the phase-ampli-
tude states of the transmitted digitally modulated
carrier signal on one axis of a two-dimensional
signal space;

a second memory means for receiving said Dj signal
components as an address, said second memory
means having a plurality of second memory banks,
one of which is associated with the one modulation
format of the digitally modulated carrier signal,
each of said memory banks having look-up tables
for converting values of Dy into corresponding
multi-bit value of R,, where the plurality of R,
values correspond to the projection of the phase-
amplitude states of the transmitted digitally modu-
lated carrier signal on a second axis of a two-di-
mensional signal space, said second axis being or-
thogonal to said one other axis;

means for generating a data assignment value, A,, by
selecting a predetermined plurality of adjacent bits
from Ry;

means for generating a data assignment value, A,, by
selecting a predetermined plurality of adjacent bits
from Ry, said Axand Ay corresponding to a digital
value for a phase-amplitude state of said received
digitally modulated carrier signal;

first logic circuit means for receiving said Rx, Ry, Dx
and D, digital signals, for detecting therefrom the
phase difference between the phase angle associ-
ated with the modulated carrier signal and the
phase angle associated with said pair of local refer-
ence signals, and for generating a periodic phase-
difference signal &,;

second logic circuit means for receiving said Ry, Ry,
Dy and Dy, digital signals, for detecting therefrom
the gain difference between the amplitude associ-
ated with the signal pair Dy and Dy and the ampli-
tude associated with the corresponding pair of
reference values Ry and Ry, and for generating a
periodic gain-difference signal Ge;

first feedback means for coupling said phase-differ-
ence signal ®., to said oscillator means and for
adjusting the phase thereof in accordance with said
phase-difference signal ®,; and,

second feedback means for coupling said gain-differ-
ence signal Ge to said mixer means and for adjust-
ing the amplitude of said digitally modulated car-
rier signal in accordance with said gain-error signal
Ge.

21. The apparatus as in claim 20 wherein said first

feedback means further comprises:

first averaging means for averaging a plurality of said
phase-difference signals ®. and for varying the
phase of said oscillator means in accordance with
said averaged phase-difference signals.

22. The apparatus as in claim 21 wherein said second

feedbck means further comprises:

second averaging means for averaging a plurality of
said gain-difference signals G and for varying the
amplitude of said digitally modulated carrier signal
in accordance with said averaged gain-difference
signals.

23. The apparatus as in claim 20 wherein said first and

second logic circuit means further comprise:

third logic circuit means for forming the digital error
signal Ex by digitally subtracting R from Dy;
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fourth logic circuit means for forming the digital
error signal E, by digitally subtracting Ry from Dy;
and

fifth logic circuit means for generating said phase
difference signal ®,, by computing (RyEx—RxEy)
and for generating said gain difference signal Ge,
by computing (RxEx+R,E)).

24. The apparatus as in claim 20 further comprising:

receiving means for receiving the digitally modulated
carrier signal and for providing said digitally mod-
ulated carrier signal to said mixer means.

25. The apparatus as in claim 24 further comprising:

clock recovery means coupled to said receiving
means for recovering the encoding interval period
of the modulated carrier signal.
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26, The apparatus as in claim 25 further comprising:

identifying means for receiving said Dyand Dy digital
signal components, for identifying the particular
one modulation format of the digitally modulated
carrier signal and for generating a pattern select
signal corresponding to said identified format, said
pattern select signal for selecting said one memory
bank in each of said first and second memory means
which is associated with said identified modulation
format.

27. The apparatus as in claim 26 wherein each of said

first and second memory means further comprises a
ROM device.

28. The apparatus as in claim 27 wherein said plural-

ity of modulation formats includes 8-PSK.
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