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BANDWIDTH-EFFICIENT MODULATION IN COMMUNICATION
SYSTEMS

ABSTRACT OF THE DISCLOSURE

A transmitter of digital data includes a modulator with an input for a carrier

signal and an input for a first stream of control symbols. The modulator modulates
the carner signal with a second stream of symbols produced by the modulator.
Each symbol of the second stream has a value that corresponds to a sum of the

present control symbol and the last K first symbols of the first stream. The integer

K 1s greater than one.
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BANDWIDTH-EFFICIENT MODULATION IN COMMUNICATION

SYSTEMS
This application claims the benefit of U.S. Provisional Application

“Bandwidth-Efficient Modulation in Communication Systems” by Lee-Fang Wei,
filed Dec. 8, 2000.

BACKGROUND OF THE INVENTION

This invention relates to communication systems and, more particularly, to
modulation methods for communication systems.

Wavelength division multiplexing (WDM) 1s a communication scheme that
allocates different spectral bands as independent communication channels. For
optical transmissions over optical fibers, the allocated bands are typically spectrally
adjacent and located 1n a spectral range for which silica-glass optical fibers provide
low attenuation and/or low dispersion. The total spectral range includes
wavelengths between about 1.35 microns and 1.7 microns. In WDM systems, one
limitation on the bandwidth of the individual bands is cross-channel interference
(CCI). The bands cannot be so broad that communications on one channel
interferes with and causes errors in communications on adjacent channels.

Together CCI and the physical properties of silica-glass fibers limit the
number of independent channels available to optical systems that implement
WDM. As data transmission rates increase, CCI between spectrally adjacent
channels also tends to increase. Future transmission rates of optical WDM systems

could increase if better methods were available for reducing or handling CCI.

SUMMARY OF THE INVENTION

Various embodiments provide modulation schemes that produce carrier
waves with narrower spectral widths than conventionally modulated carrier waves
transmitting at the same symbol rate. The spectral widths are decreased by
increasing interference between symbols that represent successive data values. The
intersymbol interference has a known form that a receiver exploits to recover the

transmitted data values from the carrier wave.
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In one embodiment, the invention features a method for transmitting a
stream of successive digital data values. The method includes modulating a carrier

wave to carry symbols representative of successive ones of the digital data values.
The symbols representative of successive data values interfere more in the
modulated carrier wave than 1n a reference wave that transmits symbols at the same
rate as the modulated carner wave. The reference wave is produced by modulating
the same carrier wave with one of the symbols at a time. The modulated carrier
wave has a narrower spectral width than the reference wave and an effective
symbol rate that is more than two times smaller than the effective symbol rate of
the reference wave. ’ | '

In another embodiment, the invention features a transmitter of digital data
having a modulator configured to use a non-return-to-zero (NRZ) waveform. The
modulator has an input for a carrier signal and an input for a first stream of control
symbols. The modulator modulates the carrier signal with a second stream of
symbols produced by the modulator. Each symbol of the second stream has a value
that corresponds to a sum of the present control symbol and the last K control
symbols of the first stream. The integer K is greater than one.

In another embodiment, the invention features a method of transmitting a

stream of symbols representative of digital data values. The method includes
processing the symbols with a partial response function defined by [1+Y “=;Z"] and
modulating a carrier wave with the processed symbols. Here, the integer K is
greater than one, and the functions Z" delay the data symbols by 1 times the time

between successive ones of the data symbols.

In another embodiment, the invention features a receiver. The receiver
includes a detector to determine a sequence of values representative of amplitudes
of a received carrier wave and an inverse constellation mapper to estimate a
sequence of input digital data values. The mapper estimates the sequence based
both on the sequence of determined values from the amplitude detector and on a
relation between amplitudes of a symbol constellation and the input digital data
values that modulated the carrier wave. The relation associates at least two

amplitudes of the constellation to the same value of an input digital data value.
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BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a block diagram of a communication system;

Figure 2 1s a flow chart of a process for transmitting data to a
communication channel shown in Figure 1;

Figure 3 1s block diagram of a modulator functionally equivalent to a
modulator shown in Figure 1;

Figure 4 shows power spectra of signals produced by modulators of types
shown 1n Figure 1;

Figure 5 is a flow chart for a process of extracting data from signals
received from the communication channel of Figure 1;

Figure 6 shows an alternate receiver for use in the communication system of
Figurel;

Figure 7 is a flow chart for a process by which the receiver of Figure 6
extracts data from received signals;

Figure 8 shows an alternate transmitter for use in the communication system
of Figure 1; and

Figure 9 lists transmission bandwidths and receiver sensitivities for several
values of the integer K that characterizes the digital filter of Figure 1.

In various Figures like reference numbers indicate like features.

DETAILED DESCRIPTION

As digital data rates increase, modulation symbol rates of a carrier wave are
typically increased to accommodate the increased data rate. Increasing the
modulation symbol rate broadens the spectral width of a modulated carrier wave.
This broadening 1s problematic in WDM systems where adjacent wavelength bands
function as separate communication channels, because the broadening increases
cross-channel interference (CCI).

To reduce CCl, the embodiments provide modulation schemes that decrease
an “effective” modulation symbol rate with respect to those of conventional
modulation schemes. In the new modulation schemes, the “effective” modulation
symbol rate determines spectral widths of modulated carrier waves and is lower

than the data transmisston rate. The “effective” modulation symbol rate is
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decreased by increasing intra-channel interference (ICI) between symbols
transmitting independent digital data values.

Herein, the “effective symbol rate” 1s the inverse of the time that a symbol
representative of one input digital data value i1n a stream of input digital data
contributes to the waveform used to modulate the carner wave for the digital data.
Each input digital data value may include a single or multiple bits.

Figure 1 1s a block diagram showing a communication system 10 for
transmitting digital data. The system 10 includes a transmitter 12, a receiver 14,
and a communication channel 16 that couples the transmitter 12 to the receiver 14.

The transmitter 12 includes a source 18, a modulator 20 and a precoder 22.
The modulator 20 includes a constellation mapper 23, a digital filter 24, and a NRZ
modulator 25. The¢ modulator 20 modulates a carrier wave from the source 18 so
that the carrier wave carries a stream of input data bits a,. The modulator 20
transmits the modulated wave to the communication channel 16.

Herein, an NRZ modulator modulates a carrier wave with a NRZ waveform
having an amplitude representative of the sequential values of a sequence of control
symbols.

The receiver 14 includes a received signal detector 26, a slicer 28, and an
inverse constellation mapper 30. The received signal detector 26 includes a
bandpass filter 33 and an intensity detector 32, i.e., a detector responsive to the
instantaneous energy of the received signal. The inverse constellation mapper 30
produces a stream of estimated data bits 4, based on the received signal from the
communication channel 16.

In various embodiments, system 10 provides for optical communication,
e.g., in a optical WDM system. In these embodiments, channel 16 includes an
optical fiber, source 18 is a laser, filter 33 is an optical filter, and detector 32 1s an
optical intensity detector.

In other embodiments, system 10 is a wire or wireless communication

system and source 18 is a radio-wave generator or a high-frequency voltage source,

respectively.

Figure 2 is a flow chart for a process 40 used by transmitter 12 to send

digital data over channel 16 of Figure 1. The transmitter 12 receives a stream of
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input data bits, ay, at input port 34 of precoder 22 (step 42). The input bits a, have
values logic 1 or logic 0. The precoder 22 precodes the input bits a, sequentially to
produce a stream of output bits by, (step 44). The precoder 22 uses the following
precoding algorithm: b, = by.x @ brx+1 @ ... D by D a,. Here, @D indicates a
logical exclusive-OR operation, and the subscripts “n, n-1, ... n-K”, etc. indicate
the order 1n the signaling interval.

T'he precoding simplifies subsequent processing of received signals at
receiver 14. The integer K, which characterizes the above-described precoding
algorithm, is matched to the type of digital filtering performed by modulator 20.
The construction of a precoder 22 capable of performing such a precoding

algorithm would be known to those of skill in the art in light of the present

disclosure.

Precoder 22 sequentially sends precoded data values b, to constellation
mapper 23. The constellation mapper 23 produces symbols P, that correspond to
the b, (step 46). The symbols P, belong to a 2-symbol constellation whose symbols
have amplitudes +A/2 and -A/2. For b, equal to 0 and 1, the corresponding

symbols are -A/2 and +A/2, respectively.
Constellation mapper 23 sequentially sends symbols P, to digital filter 24.

The digital filter 24 produces an output stream of control symbols Q, by
sequentially processing the symbols P, with a partial response function defined by

1 + ZKM Z" (step 48). Here, the Z™ are operators that produce delays of “i” times

the signaling interval, i.e., the time between receipt of successive input bits a,,
when operating on symbols P,. Thus, Z"'(P,) = P,... The control symbol Qnisa
sum of the present symbol P, plus the previous K symbols, i.e., Py.1, Pra ... Prk.
The control symbols Q, have values belonging to the transmitter constellation {-
(K+1)A72, -(K+1)A/2 +A, -(K+1)A/2 + 2A, ..., +(K+1)A/2).

The integer K characterizes the form of digital filter 24 and the bandwidth
of the modulated carrier wave produced by modulator 20. In the embodiments, K
1S a positive integer that is greater than one.

Digital filter 24 sends control symbols Q, to NRZ modulator 25. The NRZ

modulator 25 amplitude modulates a carrier wave produced by source 18 with a
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NRZ waveform representative of the sequence of control symbols Qn received from
the digital filter 24 (step 50). During each data interval “n”, the amplitude of the
modulated carrier wave corresponds to the present value of control symbol Q,.
Negative values of Q, correspond to carrier waves with amplitude |Q,| and a phase
shifted by 180°. The modulator 20 transmits the modulated carrier wave to
communication channel 16 (step 52).

Processing symbols P, with digital filter 24 and then, NRZ modulating a
carrier with the processed control symbols Q, produces a modulated carrier wave.
The resultant modulated carrier wave has a bandwidth that is narrower than that of
a carrier wave produced by directly NRZ modulating the original carrier wave with
the control symbols P, (or P, shifted by an amount A/2).

To understand the origin of the spectral narrowing, it should be noted that
modulator 20 has alternate but, equivalent descriptions. Above, a serial description
was provided for the modulator 20. In the serial description, successive symbols
Qn serially define the modulation amplitude of the carrier wave during modulation
periods whose lengths are equal to a time “T”. The time “T” is the signaling
interval between receipt of successive input data bits a,. Alternately, a parallel
description is available for the modulator 20. In the parallel description, successive
symbols P, define the modulation amplitude of a copy of the carrier wave during
periods whose lengths are equal to (K+1)T. Thus, the parallel description of the
modulator 20 involves modulation intervals that are (K+1) times as long as the
modulation intervals in the serial description.

While the input digital data for the system 10 of Figure 1 is a stream of
single data bits a,, other embodiments use input data values a, that carry multiple
bits of digital data. In those embodiments, each value of b, carries multiple bits of
digital data, and each symbol P, is representative of such multiple-bit data.

Similarly, in those embodiments, the transmission constellation of symbols Q,

correspond to sums of multiple-bit digital data.

‘ While digital filter 24 and NRZ modulator 25 of Figure 1 directly
correspond to components performing actions in the serial description, the parallel
description is functionally equivalent. Furthermore, the parallel description shows

clearly why the bandwidth of the modulated carrier wave is narrower, because the
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modulation interval in the parallel description is (K+1) times the nominal

modulation interval in the senal description.

Figure 3 shows a modulator 20° whose components function according to
the equivalent parallel descnption of modulator 20 of Figure 1. The modulator 20’
includes a (K+1)-cyclic demultiplexer (DEMUX) 60 that receives a sequence of
symbols Py, Py, P;, ... from constellation mapper 23. The DEMUX 60 cyclically
distributes the received symbols to a parallel bank of (K+1) NRZ modulators 62;-
62x. The modulator 62 receives symbol Py in a first signal interval, the modulator
62, receives symbol P, in the next signal interval, etc.

The modulators 62¢-62k also have an input for receiving a copy of the
carrier wave produced by source 18 of Figure 1. The various copies of the carrier
wave do not have relative phase differences.

While the time between successive input symbols of DEMUX 60 1s again
equal to the time T between receipt of successive input data bits a,, the time
between successive input symbols for each NRZ modulator 62, i1s (K +1)T. Until
receipt of a new input symbol, each modulator 62, continues to modulate the
carrier wave with the same amplitude. Thus, the modulators 62¢-62x produce
optical signals with constant amplitudes during temporal peniods that are (K+1)T.
From the modulators 62¢-62x, modulated optical signals go to an analog signal
adder 64 that superimposes the individual modulated signals and transmits the
result to channel 16.

Since the wave transmitted by adder 64 is a simple summation of the signals
produced by individual modulators 62¢-62k, the spectral content of the transmitted
wave is determined by the spectral content of the signals produced by those
modulators 62¢-62x. This follows because a Fourier transform of a sum is simply
the sum of the Fourier transforms of the individual signals being summed.

Since each symbol P, modulates a copy of the carrier wave for a time
(K+1)T, modulators 62 - 62k have effective symbol rates of 1/[(K+1)T]. Thus, the
effective symbol rate in the modulator 20', or equivalently, in modulator 20 1s
1/[(K+1)T].

Figure 4 shows spectra of carrier waves generated by modulator 20 or 20’

for various of the integer K characterizing these modulators, 1.e., K=0, 1, 3, and 7.
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The data rate is 40 Giga-bits-per-second, 1.e., T = 0.025 nanoseconds. The

modulated carrier wave has power density, W(K), given by:
W(K) o [sin[‘n:(K+l )T(f"fc)]/ [n(f-fc)]]z.

This power density function has zeros on each side of a central peak at the carrier
frequency f.. The distance between these zeros is equal to 2/[(K+1)T], 1.e., 1s
inversely proportional to the number of modulators 62(-62 in the parallel array
shown in Figure 3.

The distance between power zeros adjacent carrier frequency f. measures
the bandwidth of the power spectrum. The bandwidth of an output signal from
modulator 20’ is approximately proportional to (K+1), i.e., the bandwidth of the
modulators 62y-62k, because signals produced by the individual modulators 62,-
62k are summed to produce the output signal from modulator 20'. Thus, both
modulator 20' and modulator 20 produce carrier waves that are spectrally narrower
by a factor of (K+1)™' than conventionally NRZ modulated carrier waves carrying
the same amount of data.

This bandwidth narrowing is helpful in reducing cross-channel-interterence
(CCI) in optical WDM systems, because the narrowing reduces signal overlaps
between adjacent wavelength channels. The reduction to CCI is achieved by
introducing severe intersymbol interference among successive symbols P,, which
can, however, be easily eliminated in the receiver as explained below.

Figure 5 is a flow chart for a process 70 used by receiver 14 of Figure 1 to
extract a stream of estimated data bits &, from the carrier wave received from
channel 16. The received signal passes through bandpass filter 33, which selects a
carrier wave, e.g., one channel of a WDM system (step 72). For each nth signaling
interval, the detector 32 measures the instantaneous intensity of the carrner wave
and sends the measured value of the intensity M(Q,2) to slicer 28 (step 74). The
measured'intensity may, e.g., be the instantaneous energy of the carner wave.

From the value of M(Q,,z), the slicer 28 estimates the intensity Q,,2 of the
originally transmitted carrier wave for the data interval associated with a, and sends
the estimated value E(Q,?) to inverse constellation mapper 30 (step 76). For the

constellation of transmission symbols of transmitter 12 with K being an odd
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integer, 1.e., K =3, 5, 7..., intensities Q,,2 of the transmission symbols have
intensities belonging to the constellation {[(K+1)A/2]%, [((K+1)A/2 - A},
[(K+1)A/2 - 2A)%, ..., 0}. The slicer 28 determines each estimated value E(Qn) by
comparing the measured intensity M(Q,’) with a preselected set of threshold
S values. The threshold values define upper and lower limits for the received

Intensities to be associated with each of the transmitted intensity values Q,%. The
values of the thresholds vary for different embodiments of communication channel
16, because channel impairment and noise differ from channel to channel. The
slicer 28 sends estimated values of the intensities E(an) to inverse constellation

10  mapper 30 senally and at the original rate for receiving input data bits a, in the
transmitter 12 '

From a received value of E(Q,°), inverse constellation mapper 30 maps the
value E(Q,%) to a value 4, (step 78). The value of &,, which is the output data
from receiver 14, is an estimation of the originally transmitted data bit a, that

15  generated Q,. Thus, the inverse mapping eliminates the intersymbol interference
that was introduced by the transmitter 12 to reduce the bandwidth of the modulated
carrier wave.

The receiver 14 repeats steps 72, 74, 76, and 78 during successive signaling
intervals to reconstruct the output sequence of estimated data bits 4, corresponding

20  to the sequence of input data bits a, received by transmitter 12.

This inverse mapping is based on a constellation in which several values of
Qn’ correspond to the same a, The form of the relation between Q.’ values and a,
values, which is used by inverse constellation mapper 30, follows from the form of
transmutter 12. In particular, the inverse mapping is defined by two relations. The

25  first relation states that if Q,° = [(K+1)A/2 -2LAJ* with L equal to an integer, then
an equals zero. The second relation states that if Q% = [(K+1)A/2 -(2L+1)A)* with
L equal to an integer, then a, equals one. The inverse constellation mapper 30
simply reads the value of 4, from the value of E(Q,°) and the above two relations.

Figure 6 shows an embodiment 10' of communication system 10 of Figure 1

30  1n which the value of K characterizing transmitter 12 is equal to an even integer,

1.€., 2,4, 6,.... In the system 10', receiver 14’ includes a coherent detector 32’
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whose output signal M(Q,) is a measured value of both the magnitude and sign of
Qn.

Figure 7 is a flow chart for a process 70' used by receiver 14' of Figure 6 to
extract a stream of estimated data bits 4, from the carrier wave received from
channel 16. In this case, detector 32' measures M(Q,,), which provides both the
amplitude and the phase (i.e., a sign) of the received carrier wave in each signaling
interval (step 74"). From the value of M(Q,), the slicer 28' estimates Q, of the
originally transmitted carrier wave for the data interval associated with a, and sends
the estimated value E(Q,) to inverse constellation mapper 30' (step 76'). For the
transmitter 12, the Q, for transmission symbols belong to the constellation {-
(K+1)A/2, (K+1)A/2 + A, (K+1)A/2 + 2A, ..., +(K+1)A/2}. The slicer 28’
determines each estimated value E(Q,) by comparing the measured signal M(Q,,)
with a preselected set of threshold values. The threshold values define upper and
lower limits for the received signal to be associated with each of the transmitted
values Q,. The values of the thresholds vary for different embodiments of
communication channel 16. The slicer 28’ sends estimated values of the E(Q,) to
inverse constellation mapper 30' serially and at the original rate for receiving input
data bits a, in the transmitter 12

From a received value of E(Q,), inverse constellation mapper 30' maps the
value E(Qn) to a value &, (step 78"). The value of &,, which is the output data from
receiver 14', is an estimation of the originally transmitted data bit a, that generated
Qn. Thus, the inverse mapping again eliminates the intersymbol interference that
was introduced by the transmitter 12 to reduce the bandwidth of the modulated
carrier wave.

This inverse mapping is based on a constellation in which several values of
Qn correspond to the same a, In particular, the inverse mapping is defined by two
relations. The first relation states that if Q, = -(K+1)A/2 + 2LA with L equal to an
integer, then a, equals zero. The second relation states that if Q, = -(K+1)A/2 +
(2L+1)A with L equal to an integer, then a, equals one. The inverse constellation
mapper 30’ reads the value of 4, from the value of E(Q,) and the above two

relations.




10

15

20

25

30

CA 02363407 2001-11-16

Wel 52 11

The above relations between Q,” and a, when K is an odd integer and
between Q, and a, when K is an even integer follow from relations between
symbols Q, of the transmitter constellation and the input data bits a,. Note that
since by = by.x D bp.kx+1 D ... D by} D a, in precoder 22, it follows that a, = b,.x &
bn-k+1 D@ ... D@ ba.) D by. For integers m =n-K, n-K+1, ..., n-1, n, each by, selects a
value of P, in constellation mapper 23. The value of P, is equal to -A/2 if b, =0
and 1s equal to +A/2 if b, = 1. It follows for each even or odd integer K that
transmission symbols satisfy Q, = -(K+1)A/2 + 2L A if a, 1s zero and satisfy Q, = -
(K+1)A/2 + (2L+1)A if a5 1s one. For K odd, the above relations on the
constellation of transmission symbols simplify, because both Q, and -Q, map to the
same value of a,.

Figure 8 shows an alternate but functionally equivalent transmitter 12' for
the communication system 10 of Figure 1. In the transmitter 12', digital filter 24’
forms a sum D, of the present bit b, and the K previous bits b,.x, bp.k+1, ..., bn-i
received from precoder 22 and transmits the sum to constellation mapper 23'. The
constellation mapper 23' maps the (K+2) possible D, values 0, 1, 2...., K+1 into
respective values -(K+1)A/2, -(K+1)A/2 + A, (K+1)A/2 +2A, ..., (K+1)A/2} from

“a (K+2) symbol constellation for Q,. The sequence of symbols Q, provides a

waveform used to modulate a carrier wave in NRZ modulator 25 as already

described for the transmitter 12 of Figures 1 and 2. ,
Though the above-described embodiments include precoder 22 and a

special precoder algorithm, the invention is not limited to a transmitter 12 with the
precoder 22 of Figure 1. The above-described precoder 22 simplifies the receiver

operations. Embodiments without precoder 22 would use a different algonthm to

obtain estimated data bit values &, from the measured values M(Q,°) or M(Q,) for
the received signal.

Figure 9 is a table that shows transmission bandwidths and receiver
sensitivities for several choices of the integer K that characterizes digital filter 24 of
Figure 1. In the table, the receiver sensitivities are defined as the ratio of the
minimum squared distance between transmitter symbols Q, in the constellation

divided by the average intensity, 1.e., Q.’, of the transmitter symbols Q, in the
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constellation. For a given data rate, one can keep reducing the signal bandwidth by
50% by using a larger value for K and by paying a cost of 3 dB 1n the receiver
sensitivity. For example, this is the case when K is increased from 1 to 3, from 3 to
S, or from 7 to 15 in the table. Equivalently, for a given signal bandwidth, one can
keep doubling the data rate by using a larger value for K and by paying a cost of 6
dB in the receiver sensitivity. The cost is 3dB higher than earlier, because doubling
the data rate reduces the energy for each bit by half. This should be compared with
a conventional modulator that performs plain pulse amplitude modulation. For
such a modulator increasing the data transmission rate by about one bit-per-Hertz
costs about 6 dB in receiver sensitivity. Thus, the new modulator 20 1s much more
efficient than the conventional modulator. For example, the new modulator 20
should be advantageous for future optical communication systems that will have
data rates in excess of 10 Giga-bits-per-second.

Referring again to Figure 1, to improve receiver sensitivity, some
embodiments of receiver 14 use a Viterbi decoder to obtain estimated values of a,
directly from the measured signal values of M(Qy’) or M(Q,). Since the use of a
Viterbi decoder requires processing received signal at the full symbol rate, these
embodiments are less practical when symbol rates approach 10 Giga-bits-per-
second and higher.

Other embodiments use error correction codes to improve receiver
sensitivity. Error correction codes do not require processing received signals at full
symbol rates. Instead, a bank of encoders can be operated in parallel in transmitter
12 and a bank of decoders can be operated in parallel in receiver 14. Error
correction codes compatible with system 10 and 10' of Figures 1 and 6 include

Reed-Solomon codes, low-redundancy punctured convolutional codes, and

concatenations of these codes.

In various embodiments, modulator 20 modulates the carrier wave with
both positive and negative modulation amplitudes Qp, i.e., the negative modulation
amplitudes introduce a 180° phase shift. By using both positive and negative
modulation amplitudes, average signal intensities in channel 16 can be kept lower.
In an optical communications channel, the lower intensities reduce nonlinear

effects that interfere with transmission.
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Other embodiments of modulator 20 only use positive modulation
amplitudes to modulate the carrier wave.
Other embodiments of the invention will be apparent to those skilled in the

art in light of the specification, drawings, and claims of this application.
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CLAIMS:

1. A method for transmitting a stream of digital data values,
comprising:

modulating a carrier wave to carry symbols representative of successive

digital data values, symbols representative of successive ones of the digital data

values interfering more in the modulated carrier wave than in a reference wave

transmitting the same symbol rate as the modulated carrier wave, the modulated
carrier wave having a narrower spectral width than the reference wave, the
reference wave being produced by modulating the same carrier wave with one of
the digital data values at a time and having an effective symbol rate more than

twice as great as the modulated carrier wave.

2. The method of claim 1, wherein the modulating a carrier wave
includes amplitude modulating the carrier wave with a non-return-to-zero

waveform whose amplitude is sequentially defined from successive values of the

symbols.

3.~ The method of claim 1, wherein the modulating a carrier wave

includes amplitude modulating an optical carrier.

4. The method of claim 3, wherein the modulating includes amplitude
modulating the carrier wave with a non-return-to-zero waveform whose amplitude

1s sequentially defined from successive values of the symbols.

S. The method of claim 1, wherein the digital data values are data bits.

6. A method of transmitting a stream of digital data values,
comprising:

generating a stream of symbols by processing the digital data values with a
partial response function defined by [1+3.\=1Z"], the integer K being greater than
one, and the functions Z" delaying the digital data values by i times the period

between successive ones of the digital data values; and
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modulating a carrier wave with the generated stream of symbols.

7. The method of claim 6, wherein the modulating includes amplitude
modulating the carrier wave with a non-return-to-zero waveform whose amplitude

ts sequentially defined by a sequence of the symbols.

8. The method of claim 6, wherein the modulating includes amplitude

modulating an optical carrier.

9. The method of claim 8, wherein the modulating includes amplitude
modulating the carrier wave with a non-return-to-zero waveform whose amplitude

1s sequentially defined by a sequence of the symbols.

10.  The method of claim 6, wherein the integer K is odd.

11.  The method of claim 6, wherein the digital data values are data bits.

12. A transmitter of digital data, comprising:

a modulator having an input for a carrier signal and an input for a first
stream of symbols representative of digital data values, the modulator to modulate
the carrier signal with sequential values of symbols of a second stream, each
symbol of the second stream being a sum of the present symbol and the last K
symbols of the first stream, the integer K being greater than one.

13.  The transmitter of claim 12, wherein the modulator processes the

symbols of the first stream with a partial response function defined by [1+X"=1Z"],

and the functions Z" delaying symbols by i times the period between successive

ones of the input symbols.

14. The transmitter of claim 12, wherein the modulator modulates the

carrier signal with a non-return-to-zero waveform whose amplitude is sequentially

defined by the sequence of symbols in the second stream.
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15.  The transmitter of claim 12, wherein the modulator is configured to

modulate an optical carrier.

16.  The transmitter of claim 15, wherein the modulator modulates the
optical beam with a non-return-to-zero waveform whose amplitude is sequentially

defined by the sequence of symbols in the second stream.
17.  The transmitter of claim 12, wherein the integer K is odd.

18.  The transmitter of claim 12, wherein the digital data values are data
bits.

19. A recelver, comprising:

a detector to receive a modulated carrier signal from a transmitter; and

a mapper configured to use the received signal to determine values of input
digital data values associated with a stream of input symbols that the transmitter
used to modulate the carrier signal, the carrier signal being modulated by a stream
of control symbols formed by processing the stream of input digital data values
with a partial response function defined by [1+Y."=1Z"], the integer K being greater
than one, and the functions Z™ delaying the input digital data values by i multiplied
by the time between successive ones of the input digital data values.

20.  The receiver of claim 19, wherein the detector determines optical

intensities.

21.  The receiver of claim 19, wherein the mapper includes an inverse
constellation mapper based on a constellation of transmission symbols in which at

least two of the transmission symbols correspond to the same value for ones of the

input data values.
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22.  The receiver of claim 19, wherein the input digital data values are
data bits.

23. A receiver, comprising:

an amplitude detector to receive a carrier wave and to determine a sequence
of values representative of amplitudes of the received carrier wave; and

an inverse constellation mapper to estimate a sequence of input digital data
values based both on the sequence of determined values and on a relation between
amplitudes of a symbol constellation and values of the input digital data values
used to modulate the carrier wave, the relation associating at least two amplitudes

of the constellation to the same value of an input digital data value.

24.  The receiver of claim 23, further comprising:
an optical filter to select a frequency band, the detector coupled to receive

the carrier wave belonging to the selected frequency band from an output of the

optical filter.

25. The receiver of claim 24, wherein the detector detects one of visible

and near infrared light.

26.  The receiver of claim 23, further comprising:
a slicer to receive the determined sequence of values from the detector and

to send new values of amplitudes representative of symbols of the constellation to

the mapper based on the received values.

27.  The receiver of claim 26, wherein the detector is configured to

detect a carrier wave in a wireless channel.

28. The receiver of claim 23, wherein the input digital data values are

data baits.

29.  The receiver of claim 23, wherein the values representative of

amplitudes are measured intensity values of the received carrier wave.
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FIG. 2
42
RECEIVE SEQUENCE OF DATA BITS
44
SEQUENTIALLY PRECODE RECEIVED DATA BITS
46
MAP PRECODED BITS INTO SEQUENCE OF SYMBOLS P,
48
DIGITALLY PROCESS THE SYMBOLS Py, OF THE SEQUENCE TO PRODUCE
SYMBOLS Q,, THAT SUM THE LAST (K+1) SYMBOLS P,
50
MODULATE AMPLITUDE OF CARRIER WAVE BASED ON VALUE OF Q,
N THE DATA INTERVAL AT WHICH MODULATION IS PERFORMED
52

TRANSMIT THE MODULATED CARRIER WAVE TO COMMUNICATION CHANNEL

40




CA 02363407 2001-11-16

3/9

JAVA Y314V
Q31ViNdoN

——— e e —

[ e

EIIIIIIlilltilIIl.l..l...-l-..-al.-l.llIIlIIIII'.-..I...-II.'IIlliIII|II|.I.I.|.IIIIIIIIII‘!!II

d3ddVN
NOILVTIILISNOJ

‘N+(1+))Z !

£ 09

4300V
JOTVNY

XNAJQ

Q_-_Q%QIA—._-V_V .On_ .—m .Nm foos

4

' JUN0S

D T IR i S S N SIS I N SIS AR A ki SIS S SENE S i S YRR STV I SIS NN NN SENNEED GENNEEE NS TS SN il i S Sy WS CUIEED NN NS NN Ak sk demg S Wb e Aprlewy  srlmfeh  wippeprs S spmvivmh sslets AMRAMES IS IS I GENNEE NN A

SRR | N ST AN 0

e



CA 02363407 2001-11-16

«(8P) ALISNIQ Y¥IMOd

10 20 30 40 50 60 70 80 90100

40 -30 -20-10 O

-50 -

-100 -90 -80 -70-60

FREQUENCY f-f, (GHz)

NRZ

SU—— 1+Z"1(DOUBINARY)

1477 4774773

7
1+ Y 2

1

* RELATIVE TO THE DENSITY AT f=f,



CA 02363407 2001-11-16

5/9

FIG. S

RECEIVE SIGNAL TO SELECT A CARRIER WAVE

MEASURE INTENSITY OF CARRIER WAVE

ESTIMATE VALUE OF TRANSMITTED INTENSITY DURING A DATA
PERIOD FROM THE MEASURED ENERGY

MAP ESTIMATED VALUE OF TRANSMITTED INTENSITY TO AN ESTIMATED
VALUE OF THE INPUT DATA BIT BASED ON A CONSTELLATION IN
WHICH MULTIPLE INTENSITY VALUES CORRESPOND TO ONE VALUE

OF A TRANSMITTED DATA BIT

12

74

76

/8

)70



CA 02363407 2001-11-16

6/9

43ddVN I
SR 40103130 | |
43011S NOILYT13LSNO2 1NdLN0
SSYJONVE INB¥3HOD | up) toa | IsuIm Up
FA 81
uuuuuuuuuuuuuuuuuuuuuu |
KT
TINNVH 2,
"ANOD v

9l

| =

-

. VIV
40LVINGON LT+ ve
T zN g ¥ [ |Nouviaisnod| Tug | MO [Ty, M
" GZ7 | ¥3Lnd VU9I0 TR 7
S . e 5
7
104N0S
g1 -

9 Ild



CA 02363407 2001-11-16

7/9

FIG. 7

RECEIVE SIGNAL TO SELECT A CARRIER WAVE

MEASURE AMPLITUDE AND SIGN OF CARRIER WAVE

ESTIMATE Qn FOR ORIGINAL CARRIER WAVE DURING SIGNALING
INTERVAL FROM THE MEASURED AMPLITUDE AND SIGN

FROM THE ESTIMATED VALUE OF THE SYMBOL Qp ESTIMATE A
VALUE a,, OF ASSOCIATED INPUT DATA BIT aj
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