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(7) ABSTRACT

An improved method and apparatus for optical and radio
frequency implementation of a fast frequency hopping
spread spectrum communication for code division multiple
access systems is disclosed. The method avoids the fre-
quency hopping synthesizer requirements in the transmitter
as well as in the receiver. In a system where a pool of CDMA
users share a channel characterized by a number of F
available frequencies (or frequency bands), each user is
assigned a subset of M (M less than or equal to F) frequen-
cies from the F available frequencies, selected and ordered
in time as prescribed by his own code (or address). In the
transmitter, the information bit sequence modulates a broad-
band source so that the energy assigned to a data bit is
concentrated on just a short interval of the bit period which
is less than or equal to the so-called chip interval. The data
modulated signal enters equipment which simultaneously or
sequentially performs three functions: 1) spectral slicing of
the input signal into chip pulses, 2) a chip-pulse modulation
and 3) a chip-pulse delaying. The output is an FFHSS signal
composed from M sub-pulses (or chip-pulses), each of
which is centered at different frequency and ordered in time
as fixed by the FFH code. In an optical implementation, a
broadband source and a set of in-line fiber Bragg gratings
performs the FFHSS encoding and decoding operations with
ASK chip-modulation. The gratings can be tuned to allow
the programmability of the encoding/decoding system.
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FAST FREQUENCY HOPPING SPREAD
SPECTRUM FOR CODE DIVISION MULTIPLE
ACCESS COMMUNICATIONS NETWORKS
(FFH-CDMA)

FIELD OF THE INVENTION

[0001] The present invention relates to a Fast Frequency
Hopping Spread Spectrum (FFHSS) Code Division Multiple
Access (CDMA) communications. More particularly, the
invention relates to the transmission and reception signal
processing methods and devices. The invented method
avoids the requirement of fast frequency hopping synthesis
in the FFHSS transmitter and receiver previously used in
mobile radio communications or the like. Preferred embodi-
ment of the invented method is particularly suitable for fiber
optical implementation of the FFHSS-CDMA technique.

BACKGROUND OF THE INVENTION

[0002] Code Division Multiple Access (CDMA) commu-
nications is a technique presently used in wireless applica-
tions. CDMA accommodates a large pool of subscribers,
while providing dynamic simultaneous access to an arbitrary
subset of them. In a typical CDMA network, a number of K
users simultaneously communicate sharing the same com-
munication medium. This is achieved by assigning a unique
code to each individual user. The assigned codes are selected
so as to minimize the interference or the cross-talk between
users and to reduce the synchronization loop complexity in
the receiver.

[0003] In the fields of satellite and mobile communica-
tions, spread spectrum (SS) signals served as a basis of the
development of CDMA network systems. SS techniques are
very popular in a wide variety of fields such as satellite
communications, mobile communications, naval and avion-
ics communication systems, distance or range measurement,
high resolution target and direction finding systems. There
are two categories of SS systems: direct sequence (DS)
system, in which each information bit is multiplied by a
temporal pseudo-random sequence, and a frequency hop-
ping (FH) system, in which the carrier frequency of a
narrow-band information transmitted signal is switched (or
hopped) at a random and discrete method. Slow frequency
hopping (SFH) means that only one frequency-hop is
achieved per bit, however, fast frequency hopping (FFH)
means that a number of frequency hops are achieved for
every information bit.

The Prior Art FFHSS Transmission System

[0004] In a conventional FFHSS transmitter, as shown in
FIG. 1, the data modulated signal is multiplied by the output
of the frequency hopping synthesizer 104 using the first
multiplier 102,. The frequency synthesizer 104 output signal
is a wide band time periodic deterministic signal with time
period equal to the duration of a one data bit modulated
signal (Tb). In the following, it is assumed that only two
kinds of information will be transmitted 1 and 0; FIG. 3A
shows a sequence of four bits: 1010. Each bit period Tb is
divided into an integer number (M) of time intervals
Te=Tb/M called chips. During every chip interval no more
than one discrete frequency (or frequency band) from an
available set of M frequencies (or frequency bands) is used
in the frequency synthesizer 104 output signal. The M
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available frequencies are assigned to the M chip intervals as
prescribed by the selected code from the code generator 105.
FIG. 3C shows an example where the integer M is equal to
5, hence the code is composed from 5 frequencies f1, {2, £3,
f4 and f5. The order of frequencies in the selected code is 3,
f1, f4, £2 and f5; which means that the frequency f3 is
transmitted during the first chip interval, f1 is transmitted
during the second chip interval, . . ., and the last frequency
5 is transmitted during the fifth chip interval. The modu-
lation operation using the first multiplier 102, spreads the
data modulated signal energy over a bandwidth, called
spread spectrum bandwidth Wss=M*Wb, which is M times
larger than the data modulated signal bandwidth Wb. Hence,
the FFHSS encoding operation cuts the modulated signal
energy in time into M pieces, and shifts the frequency band
of each piece by an amount correspondingly to the FFH
code. The frequency domain of the first multiplier 102,
output signal is usually referred as the intermediate fre-
quency. The second modulation, achieved using multiplier
102, shifts all the SS signal to the carrier frequency fixed by
the oscillator 103. The multiplier 102, output signal is fed to
the emitting or transmitting antenna 106.

Receiver System

[0005] In the conventional FFHSS receiver, as shown in
FIG. 2, a receiving antenna 151 provides the received
FFHSS signal. A local oscillator 153 generates a signal for
shifting a frequency band of a received signal to a band of
an intermediate frequency. A multiplier 152, multiplies the
received signal by the local oscillator 153 output signal for
shifting the frequency band to the base band domain if the
synchronization is well established between the received
frequencies and the locally generated frequencies. The band
pass filter (BPF) 161, limits the band of the output signal of
the first multiplier 152, to the SS bandwidth Wss=M.Wb. A
hopping synthesizer 154 outputs an SS signal similar to the
transmitter hopping synthesizer 104 corresponding to the
selected FFH code. The second multiplier 162, multiplies
the BPF 161, output signal with the hopping synthesizer 154
output signal, the product inputs the low pass filter LPF 162
which limits the band of the output signal of the second
multiplier 162, to the original data modulated signal band-
width Wb. A power measuring device 157 measures a
detection power for a one bit portion from the low pass filter
162; on the basis of this power measurement, the hopping
sequence phase control equipment 156 controls the hopping
synthesizer to continuously shift its hopping sequence until
full synchronization is established between the received
signal hopping sequence and the locally generated hopping
sequence.

IMustrative Example

[0006] FIG. 3 illustrates the signal evolution through the
various major signal processing steps in the prior art FFHSS
transmitter and receiver. FIG. 3A depicts a sequence of 4
data bits (1010) in the logical state. FIG. 3B shows the data
modulated signal at the first multiplier 102, input. In FFHSS
systems, frequency shift keying (FSK) and phase shift
keying (PSK) are the most popular modulation techniques in
mobile radio communications. Amplitude shift keying
(ASK) is less robust in wireless communications. Since only
two types of information are considered, 1 and 0, only the
binary cases of the modulation schemes, (binary ASK, FSK



US 2004/0208624 Al

and PSK), are considered. FIG. 3C shows the time (Tb)
versus frequency bandwidth (Wb) allocated to the data
modulated signal in the first multiplier 102, input during
each data bit. FIG. 3D shows the time (Tb) versus frequency
bandwidth (Wss=5*Wb) allocated to the spread spectrum
signal in the first multiplier 102, output during each data bit.
Each bit energy is distributed in 5 pieces, each of which is
of Wb frequency bandwidth and Te=Tb/5 chip time dura-
tion. The time and frequency distribution of the band pass
filter (BPF) 161 output signal is similar to the depicted by
FIG. 3D in absence of multiple access interference. The
time and frequency distribution (or occupancy) of the low
pass filter (LPF) 162 output signal is depicted by FIG. 3E.

Discussion of Some Points

[0007] In prior art FFHSS techniques, the frequency syn-
thesizer hopping rate is usually considered the major limi-
tation. The FFH encoding/decoding stages require chip rate
frequency hopping synthesizers which substantially
increases the system cost. Before effective data transmission
or reception, the frequency hopping synthesizer (FHS) out-
put is determined (or fixed). During the transmission or
reception process the FHS output is a deterministic signal. In
the transmission system, only the data signal is random. In
principle, only the data rate limits the transmitter minimum
rate. However, code generation and frequency synthesizer
work at the chip rate.

LAN Applications

[0008] Spread Spectrum (SS) systems usually require
complex signal processing operations, especially in the
encoding and decoding steps. In prior art FFH-CDMA,
previously used for radio frequency communications, fre-
quency synthesizers at the chip hopping rate are required.
The frequency synthesizer hopping rate is usually consid-
ered as a major limitation of the system, and substantially
increases the system cost. As a result, in Local Area Network
(LAN) applications, FFHSS techniques have not been
implemented to provide greater sharing of bandwidth among
users connected to the LAN. However, there remains a need
for providing higher bandwidth shared access to communi-
cations media, such as twisted-pair, coax and optical fibers,
used in LANs and telecommunications networks.

[0009] Inthe past few years, several CDMA systems using
all-optical signal processing systems, including encoders,
decoders, power limiters and threshold comparators, have
been proposed. Fundamental differences between the optical
and the radio communication fields and instruments, such as
sources, communication mediums and detection systems,
led to the design of some new optical schemes with no
parallels in radio CDMA systems. Coherent ultra-short pulse
sources have been proposed to spectral phase encoding
CDMA, however, non coherent broadband sources such us
Light Emitting Diodes (LED) and erbium-doped superfluo-
rescent fiber source (SFS) have been proposed for spectral
amplitude encoding CDMA. These two techniques fall into
the so-called frequency encoded (FE) CDMA and have no
parallels in radio CDMA. These techniques inherently use
very wide bandwidth in the channel, however, they are not
considered as SS techniques because the spreading operation
is not effectively achieved.

[0010] For local area networks with a bit rate in the order
of Gigabits per second, optical frequency synthesizers with
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a chip hopping rate in the order of a tenth of a Gigabit per
second is required for optical implementation of the FFH-
CDMA technique. However, practical optical frequency
synthesizer has very limited hopping rate. Slow frequency
hopping CDMA (SFH, i.e. one frequency-hop per data bit);
and very slow frequency hopping (one hop per packet of
bits) have been previously proposed for optical inter-satellite
CDMA communications. The bit rate was limited to a few
tenths of Megabits/sec. Furthermore, for local area networks
with a bit rate in the order of Gigabits per second, optical
frequency synthesizer with a chip hopping rate in the order
of tenth of Gigabits per second is required for optical
implementation of the FFH-CDMA technique.

SUMMARY OF THE INVENTION

[0011] Ttis an object of the present invention to provide an
FFHSS technique that can be performed with all-optical
devices for faster operation than electronic processing meth-
ods.

[0012] Tt is another object of the present invention to
reduce the processing rate in the transmitter and the receiver.
This especially allows fiber optical implementation of the
FFHSS technique.

[0013] According to a further object of the invention, the
processing rate in all of the transmitter and the receiver parts
can reduced to the data bit rate, thus avoiding the chip rate
frequency hopping synthesis.

[0014] An object of the present invention is to provide an
FFHSS-CDMA communication system which exploits some
deterministic aspects in the signal processing operations to
avoid the utilization of real-time chip rate frequency hop-
ping synthesis of the spread spectrum signal in the trans-
mission and in the reception ends. According to the present
invention, since the frequency synthesizer output signal is a
deterministic periodic signal, passive or lower rate devices
can be used in the encoding and decoding stages to avoid
real time chip rate frequency hopping synthesis.

[0015] Another object of the present invention is to pro-
vide a transmitter in a FFHSS communications system
which avoids the real time chip rate frequency hopping
synthesis.

[0016] Another object of the present invention is to pro-
vide a receiver in a FFHSS communications which avoids
the real time chip rate frequency hopping synthesis.

[0017] Another object of the present invention is to pro-
vide an embodiment for optical FFHSS system in CDMA
local area network architecture.

[0018] Yet another object of the present invention is to
provide an embodiment for mobile radio frequency FFHSS
system which does not require a frequency hopping synthe-
sizer.

[0019] According to a first broad aspect of the present
invention, there is provided a method of optical signal
transmission comprising the steps of generating a multi-
wavelength optical signal modulated to encode data and
occupy a predetermined fraction of a bit time slot, selecting
a plurality of wavelength division slots within a wavelength
range of the multi-wavelength signal, introducing, according
to a code, a predetermined time delay in spectral compo-
nents of the multi-wavelength optical signal corresponding
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to each of the plurality of wavelength division slots to
displace the spectral components within the bit time slot;
and feeding the spectral components delayed according to
the code into a waveguide transmission medium shared by
at least one other transmitter using the wavelength division
slots and a different code.

[0020] Preferably, the step of introducing the predeter-
mined time delay may comprise providing an in-waveguide
Bragg grating device having a plurality of spaced Bragg
grating reflectors for reflecting the spectral component time
delayed according to the code. Also preferably, the step of
introducing may further comprise providing an optical cir-
culator, coupling the optical signal to a first port of the
circulator, coupling the in-waveguide Bragg grating device
to a second port of the circulator, and coupling a third port
of the circulator to the waveguide transmission medium. The
in-waveguide Bragg grating device may comprise an in-fiber
Bragg grating, and may also be programmable. The pro-
grammable Bragg grating may be adjusted using tensioning
devices, such as piezoelectric devices, or using temperature
control devices.

[0021] Preferably, the code may utilize fewer than all of
the wavelength division slots and a bit time slot shorter than
a bit time slot used when all of the wavelength division slot
is utilized, whereby a shorter code length may be used to
achieve a higher bit rate.

[0022] According to another broad aspect of the invention,
there is provided a method of optical communication com-
prising the steps of generating a multi-wavelength optical
signal modulated to encode data and occupy a predeter-
mined fraction of a bit time slot at a transmitter end;
selecting a plurality of wavelength division slots within a
wavelength range of the multi-wavelength signal; introduc-
ing, according to a code, a predetermined time delay in
spectral components of the multi-wavelength optical signal
corresponding to each of the plurality of wavelength divi-
sion slots to displace the spectral components within the bit
time slot; feeding the spectral components delayed accord-
ing to the code into a waveguide transmission medium
shared by at least one other transmitter using the wavelength
division slots and a different code; receiving the optical
signal from the transmission medium; and detecting the
displaced spectral components according to the code to
recover the data.

[0023] Preferably, the step of detecting may comprise:
introducing, according to a reverse code complementary to
the code, a predetermined time delay in spectral components
of the multi-wavelength optical signal corresponding to each
of the plurality of wavelength division slots to displace the
spectral components within the bit time slot; and detecting
only within the predetermined fraction of the bit time slot
signal energy of the received optical signal.

[0024] Also preferably, the step of receiving may com-
prise compensating for chromatic dispersion caused by the
transmission medium.

[0025] When the transmitter end is subject to temperature
variations affecting a wavelength of the spectral compo-
nents, the step of detecting may comprise providing a
programmable in-waveguide Bragg grating device having a
plurality of tunable spaced Bragg grating reflectors for
reflecting the spectral component time delayed according to
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the code, and tuning the Bragg grating reflectors to com-
pensate for the temperature variations. The tuning of the
Bragg grating reflectors may comprise adjusting a tempera-
ture control of a temperature control device for each of the
Bragg grating reflectors. The tuning of the Bragg grating
reflectors may comprise adjusting a voltage control of a
piezoelectric element for each of the Bragg grating reflec-
tors.

[0026] According to another preferred feature, the code
utilizes fewer than all of the wavelength division slots and
a bit time slot shorter than a bit time slot used when all of
the wavelength division slot is utilized, whereby a shorter
code length may be used to achieve a higher bit rate, the step
of detecting including steps of: detecting any signal present
in at least one unused ones of the wavelength division slots
at predetermined time delays; and subtracting the signal
detected in the previous step from the displaced spectral
components according to the code in order to recover the
data.

[0027] The invention also provides a method of fast fre-
quency hopping spread spectrum communication compris-
ing the steps of: generating a multi-frequency source signal
occupying a wide frequency band; modulating the source
signal to encode data and occupy a predetermined fraction of
a bit time slot at a transmitter end; selecting a plurality of
frequency division slots within the wide frequency band;
introducing, according to a code, a predetermined time delay
in spectral components of the modulated source signal
corresponding to each of the plurality of frequency division
slots to displace the spectral components within the bit time
slot; transmitting the spectral components delayed according
to the code over a medium shared by at least one other
transmitter using the wavelength division slots and a differ-
ent code; receiving the transmitted spectral component from
the transmission medium; and detecting the temporally
displaced spectral components according to the code to
recover the data.

[0028] The preferred embodiment of is invention uses
band-pass filtering tools and is particularly suitable for
optical FFHSS system. In the transmitter, the information bit
sequence modulates a broadband source so that the energy
assigned to a data bit is concentrated on just a short interval
from the bit period (Tb). This interval is in principle inferior
or equal to Tb/M. In the remaining interval of time, no
energy is transmitted. The modulation technique can be
frequency shift keying (FSK), phase shift keying (PSK),
amplitude shift keying (ASK) or the like. The data modu-
lated signal enters to an equipment which simultaneously or
sequentially perform the following three functions generat-
ing a signal in an FFHSS form. The first function is a
spectral slicing of the input signal leading to a number of
sub-pulses, each of which is supported by one different
frequency interval. The second function is a sub-pulse
modulation. This modulation can be in ASK, PSK or the
like, as prescribed by the code. The third function is a
sub-pulse delaying, where each sub-pulse is differently
delayed as prescribed by the code frequency hop pattern.
The order of these functions depends to the used devices.
Some optical devices are proposed in the next to simulta-
neously perform the three functions. The final output signal
is composed from M sub-pulses, each of which is supported
by different frequency bandwidth and positioned in time as
prescribed by the code frequency hopping pattern. In the
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receiver, the received signal enters to an equipment config-
ured to receive an intended desired user signal. The equip-
ment performs simultaneously or sequentially three func-
tions. The first function (spectral slicing) is similar to that in
the transmitter. The second function is the sub-pulse
demodulation and depends to the used modulation technique
in the transmitter. The third function is also a sub-pulse
delaying uses the reverse order than the transmitter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] The invention will be better understood by way of
the following detailed description of a preferred embodi-
ment and other embodiments with reference to the appended
drawings, in which:

[0030] FIG. 1 is a block diagram of a Prior Art conven-
tional FFHSS transmitter

[0031] FIG. 2 is a block diagram of a Prior Art conven-
tional FFHSS receiver

[0032] FIG. 3 shows a simple example to illustrate the
signal waveform evolution through the Prior Art conven-
tional transmitter and receiver systems.

[0033] FIG. 4 is a block diagram of an FFHSS transmitter
according to the preferred embodiment.

[0034] FIG. 5 is a block diagram of an FFHSS receiver
according to the preferred embodiment.

[0035] FIG. 6 shows a simple example to illustrate the
signal waveform evolution through the transmitter and
receiver according to the preferred embodiment.

[0036] FIG. 7 is a block diagram of the encoding module
according to the preferred embodiment.

[0037] FIG. 8 is a block diagram of the decoding module
according to the preferred embodiment.

[0038] FIG. 9A is a schematic diagram of the optical
transmitter and encoding device using in-fiber Bragg grat-
ings according to the preferred embodiment.

[0039] FIG. 9B is a graph of the input signal prior to
encoding.

[0040] FIG. 9C is a graph of the output signal after
encoding.

[0041] FIG. 10A is a schematic diagram of an RF encod-
ing device according to an alternative embodiment;

[0042] FIG. 10B is a graph of the input RF signal prior to
encoding.

[0043] FIG. 10C is a graph of the RF output signal after
encoding.
[0044] FIG. 11A is a schematic diagram of the optical

receiver and decoding device using in-fiber Bragg gratings
according to the preferred embodiment.

[0045] FIG. 11B is a graph of the input signal prior to
decoding.

[0046] FIG. 11C is a graph of the output signal after
decoding.

[0047] FIG. 11D is a graph of a received interfering
FFHSS signal.
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[0048] FIG. 11E is a graph of the decoded interfering
FFHSS signal.

[0049] FIG. 12A is a schematic diagram of an RF decod-
ing device according to an alternative embodiment;

[0050] FIG. 12B is a graph of the input RF signal prior to
decoding.

[0051] FIG. 12C is a graph of the RF output signal after
decoding.

[0052] FIG. 13A is a schematic diagram of an encoder for
a low bit rate user.

[0053] FIG. 13B is a schematic diagram of an encoder for
a high bit rate user.

[0054] FIG. 13C is a graph showing the FFHSS code
pattern for a both a low bit rate user and a high bit rate user.

[0055] FIG. 14 is a schematic diagram of an encoder for
a high performance user.

[0056] FIG. 15 is a schematic diagram of an encoder for
a low performance user.

[0057] FIG. 16 is a graph showing the FFHSS code
pattern for a both a low performance user and a high
performance user.

[0058] FIG. 17 is a schematic diagram of a programmable
optical encoder/decoder device.

[0059] FIG. 18 is a schematic diagram of a programmable
RF encoder/decoder device.

[0060]
bands.

[0061] FIG. 20 is a schematic diagram of a programmable
optical encoder/decoder device using piezoelectric devices.

FIG. 19 is a graph of power versus frequency

[0062] FIG. 21 is a schematic diagram of a programmable
optical encoder/decoder device using temperature control.

[0063] FIG. 22 is a schematic diagram of a programmable
transmitter using a bank of gratings.

[0064] FIG. 23 is a graph of available frequencies versus
bit duration illustrating the effect of temperature on the
FFHSS transmitter signal.

[0065] FIG. 24 is a graph of available frequencies versus
bit duration illustrating two hyperbolic user codes

[0066] FIG. 25 is a block diagram of a programmable
encoding/decoding device according to an alternative
embodiment.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

[0067] At the transmission end, as shown in FIG. 4, the
data source 201 output signal is multiplied by a broadband
source 203 output signal using the multiplier 202 leading to
wide-band data modulated signal. According to the present
invention, the data modulated signal occupies exactly the
spread spectrum bandwidth before the FFH encoding opera-
tion and conserves the same bandwidth in the channel. The
data modulated signal is fed into the encoding device ENC
200, which is controlled by a code generator 204 and
performs the encoding operation without changing the signal
bandwidth. The output signal of ENC 200, is transmitted to
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the channel. The principle and the role of the code generator
204 in this invention differ from the principle and the role of
the code generator 105 in the prior art. In this invention, the
rate of code generator has no relation with the data bit rate.
The code generator in this invention is activated only to
configure the ENC 200, before the data transmission ini-
tiates.

[0068] FIG. 6 shows an example when the number of
frequencies used for encoding is M=5 and FFH code is
similar to that in FIG. 3D. As shown in FIG. 6A, the energy
assigned to each data bit in the data modulated signal
(multiplier 202 output signal) is concentrated in the first chip
interval, however it occupies a wide frequency band (Wb=
Wss). In the remaining time of the bit period Tb no power
is transmitted. This power distribution in time can be prac-
tically performed using different processing methods: the
data source output signal waveforms shaping, the broadband
source output signal shaping or by the multiplier 202 opera-
tion controlling or the like.

[0069] The ENC 200, has one information signal input
(INPUT 1 in FIG. 7), one control signal input (INPUT 2 in
FIG. 7) and one FFHSS encoded signal output (OUTPUT in
FIG. 7). The multiplier 202 output signal is a one pulse per
bit for Te=Tb/M duration and Wb=Wss frequency band-
width. The ENC 200, simultaneously or sequentially per-
forms three functions: 1) spectral slicing of the input signal
into chip pulses, 2) a chip-pulse modulation and 3) a
chip-pulse delaying. The output is an FFHSS signal com-
posed from M sub-pulses (or chip-pulses), each of which is
centered at different frequency and ordered in time as fixed
by the FFH code. The ENC 200, output signal has an FFHSS
nature similar to the signal generated at the second multi-
plier 102, output in the prior art depicted by FIG. 1. Several
practical solutions are disclosed herein for the passive
encoding operation achieved using the ENC 200, especially
suitable for an optical implementation of the FFHSS-CDMA
technique.

[0070] According to the present invention, as shown in
FIG. 5, the FFHSS signal enters a passive decoding device
DEC 200, through the first input (INPUT 1 in FIG. 8). The
code generator 251 configures the DEC 200, to perform the
decoding operation. Similarly to the ENC 200,, the DEC
200, simultaneously or sequentially performs three func-
tions: 1) spectral slicing of the input signal into chip pulses,
2) a chip-pulse demodulation and 3) a chip-pulse delaying.
This means that DEC 200, firstly subdivides the received
FFHSS signal into a chip frequency sub-bands, secondly
demodulates the chip sequence and finally delays (or shifts
in time) each chip pulse by an amount corresponding to the
order prescribed by the code generator 251, which is the
reverse order as in the encoder. The cumulative delay for
each chip pulse through the DEC 200, in the transmitter and
DEC 200, in the receiver is equal to M*Tc=Tb. In the DEC
200, output signal, the chip pulses, overlap in time leading
to a high level signal. The energy of the DEC 200, output
signal is concentrated in one chip interval, however, it
conserves its wide frequency band Wss=Wb. The squaring
unit 251 squares the DEC 200, output signal, the output of
which is used by the threshold estimation circuit 253. The
threshold estimate is used in the decision circuit to decide
about the received bit value.

[0071] FIG. 6 illustrates the signal evolution through the
various major signal processing steps in the FFHSS trans-
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mitter and receiver according to the preferred embodiment.
FIG. 6A depicts a sequence of 4 data bits (1010) in the
logical state. FIG. 6B shows the data modulated signal at the
multiplier 202 output. FIG. 6C shows the time (Tc) versus
frequency bandwidth (Wb=Wss) allocated to the data modu-
lated signal in the multiplier 202 output during each data bit.
FIG. 6D shows the time (5*Tc=Tb) versus frequency band-
width (Wss=Wb) allocated to the spread spectrum signal in
the ENC 200, output during each data bit. Each bit energy
is distributed in 5 pieces, each of which is of We=Wb/5
frequency bandwidth and Te=Tb/5 chip time duration. The
time and frequency distribution of the DEC 200, input signal
is similar to the depicted by FIG. 6D in absence of multiple
access interference. The time and frequency distribution (or
occupancy) of the DEC 200, output signal is depicted by
FIG. 6E.

[0072] For optical communications, a set of in-line fiber
Bragg gratings (FIG. 9A) performs the functions of ENC
200 for binary ASK chip modulation. The Bragg gratings
slice the spectrum into frequency bins. Each Bragg grating
has a slightly different corrugation period so that the spec-
trum of the light reflected back from each grating is centered
on the frequency associated with that grating and has the
shape of the reflection function of that grating. Due to the
“first in line, first reflected” nature of multiple Bragg grat-
ings, the time frequency hopping pattern is determined by
the order of the grating frequencies in the fiber. Physical
spatial separation between gratings determines the temporal
separation between the reflected pulses (chip duration).

[0073] Using a broadband source, a series of Bragg grat-
ings as encoding device ENC 200, and a circulator as adder,
FIG. 9A shows an optical frequency-hop transmitter. The
coded signal will be a series of time pulses, each with a
distinct slice of the spectrum. This signal is sent to the
optical network and combined with other FFH-CDMA sig-
nals generated with other codes.

[0074] Similarly to ENC 200, a set of in-line fiber Bragg
gratings performs the functions of DEC 200, for binary ASK
chip demodulation, as shown in FIG. 11. The order of the
gratings in the decoding device is inverted with respect to
the encoder. Due to the “first in line, first reflected” nature
of multiple Bragg gratings, the chip pulses are synchronized
in the output signal.

[0075] Each Bragg grating reflects a frequency bin with a
time delay proportional to that grating’s position in the fiber.
Therefore each frequency slice must have the corresponding
delay to decode into the original data pulse. The portion of
the received signal corresponding to the desired user will
have its series of time pulses recombined into a single peak
with all spectral slices contributing. The interfering signals
will not be decoded since 1) their spectral components may
be different, and 2) their time order of frequencies will
certainly be different.

[0076] 1t will be appreciated that the code could utilize
fewer than all of the wavelength division slots, and the
decoder could be configured to detect any signal present in
the unused ones of the wavelength division slots. By sub-
tracting the signal detected in the unused slots from the sum
signal of the detection of signal in the used slots, the
resulting detection of a coded bit is obtained. The person
skilled in the art will recognize that such subtraction of
signal from unused slots may result in an improved SNR in
certain circumstances.



US 2004/0208624 Al

[0077] Inthe RF field, the FFHSS prior art is very popular
and the implementation techniques are well developed.
These techniques usually use PSK or FSK chip and bit
modulation, but not ASK modulation, and they provide high
performance. This invention can be very useful for systems
that require high simplicity even at the sacrifice of some
performance or capacity. Conventional electronic compo-
nents such as time delay lines and electrical band pass filters,
as described by FIG. 10 A, can perform all the ENC 200,
functions in RF. A simple broadband source, such as pream-
plified thermal noise source, can be modulated by the data
bits generating short (in time) and wide (in frequency)
pulses as shown by FIG. 10B and fed into the first delay
element 2, and the first band-pass filter 4,. The band-pass
filter 4, output is a pulse centered at the frequency selected
by the 4, filter. A second copy (or part) of the data modulated
signal (INPUT 1) will be fed into the band-pass filter 4,
which outputs a pulse centered at the second frequency
prescribed by the code and feeds it to the adder. Similar
operation holds for the other filters delay elements 25 ... 2,
and filters 4, . . . 45. If the band-pass filter frequencies are
well selected and the delaying operations are accurately
performed as prescribed by an FFH code, the system of FIG.
10A can successfully perform the FFHSS encoding opera-
tion. FIG. 10C shows the output of the encoding device for
the FFH code 5, O,, O,, [J, and Os; which corresponds
simultaneously to the filters 4, . . . 45 frequency bands.

[0078] FIG. 12A shows a scheme identical to that of FIG.
10A; however the center frequencies of the filters 4, . . . 45
have the reverse order (s, O,, (4, (J; and [ for correcting
the relative delay time between the desired code pulses
(FIG. 10B) leading to the superposition of their pulses as
shown by FIG. 10 C. The pulses resulting from an interferer
do not superpose since the relative delays between its pulses
are simply changed but not corrected.

[0079] Since in the present invention physical distance in
fiber is used to perform the in-time encoding or pulse
positioning, the length of the encoder depends on the
required data bit rate in the system (and vice versa). For
example, to achieve 500 Mbits/s data bit rate, all gratings
may be placed in a space of about 20 cm, taking into account
the in-fiber light velocity. To communicate with higher bit
rates, a user should place the gratings in a shorter calculated
fiber length, i.e. to compress the code. FIG. 13A illustrates
a low rate user encoder which places its gratings (5 in the
shown example) along its encoding fiber of length L; . In
FIG. 13B, a different user places the same number of
gratings (5 in the shown example) in a fiber of length L.
The user of FIG. 13A and the user FIG. 13B can share the
same communications medium provided that their FFH
codes are well selected to minimize the interference between
them. FIG. 13C shows simultaneously the frequency hop-
ping patterns for the low and high rate users.

[0080] The number of 1’s in every optical CDMA code
represents the power or what is commonly called the
“weight” of the code. The higher the number of 1°s in a user
code, the higher is its signal-to-noise ratio, and hence the
higher is its performance. Higher performance can mean a
lower probability of error and/or better security of the data.
FIG. 14 illustrates a high performance user encoder, which
uses 7 gratings, i.e. has 7 ones in its code. However, FIG.
15 illustrates a low performance user encoder, which uses
only 4 gratings, i.e. has only 4 ones in its code. FIG. 16
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shows simultaneously the frequency hopping codes of one
high and one low performance users, respectively corre-
sponding to FIG. 14 and FIG. 15. The FFH codes should be
adequately selected to minimize the interference between
them.

[0081] It will be appreciated that when the code utilizes
fewer than all of the wavelength division slots, the decoder
could be configured to detect any signal present in at least
one unused ones of the wavelength division, and to subtract
the signal detected in the unused slots from the sum signal
of the detection of signal in the used slots. The person skilled
in the art will recognize that such subtraction of signal from
unused slots may result in an improved SNR in certain
circumstances.

[0082] FIG. 17 shows that each grating can be tuned
inside an available bandwidth so that its reflectivity can be
switched from a given value to another as prescribed by the
code. FIG. 18 illustrates a corresponding radio frequency
implementation of the encoding/decoding device where a
bank of adjustable band pass filters, a delay line and a
summation element is used. FIG. 19 illustrates the useful
frequency slices available from a broadband source spec-
trum (RF or optical), or can be interpreted as the output of
a comb laser (or multi-wavelength laser). Each adjustable
BPF (Bragg grating in the case of an optical source) can
select any of these frequency slices as prescribed by the
code.

[0083] By use of piezo-electric devices, the order of the
center frequencies of the Bragg gratings can be changed,
effectively changing the hop pattern and therefore allowing
for programmable codes. The ability to reconfigure the
encoder/decoder pair is essential for the modularity, surviv-
ability and the resilience of the network topology. To that
end, several approaches can allow reconfiguration of the
encoding/decoding device. In the preferred embodiment, the
period of each Bragg grating is tuned so that the reflection
spectrum of the grating moves within the available band-
width, effectively changing its resonance wavelength.
Therefore, while each grating can be written to a common
center frequency, it can later be tuned to a particular fre-
quency as prescribed by the code.

[0084] Two preferred methods can be used to tune the
Bragg grating: stretching or compression, and heating. FIG.
20 illustrates an arrangement in which the fiber grating is
coated using piezoelectric material and an electric voltage is
applied by the two electrodes placed at the ends. Each
piezoelectric element thus created affects the amount of
linear tension to which the fiber is subjected. FIG. 21
illustrates an arrangement in which the fiber coating is made
with a conductive or metallic material and an electric
voltage is applied to heat the grating change its central
wavelength.

[0085] Several integrated photonics devices in chalco-
genide glasses could also be used to erase/write Bragg
gratings, essentially in the center frequencies. Erbium doped
fiber may also be capable of dynamically erasing/writing
Bragg gratings. Voltage controlled electro-optic devices can
also achieve the same functionality by changing the refrac-
tive index of the grating. The latter device can only be
implemented in materials with large electro-optic coeffi-
cients, and thus require a special type of polymer fibers or
gratings on integrated optical devices such as LiNbO3.
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[0086] A combination of other optical spectrum slicing (or
filtering) devices together with a bank of delay lines can also
be used to achieve the same functionality. FIG. 22 shows a
programmable transmitter where a bank of useful codes and
a multi-position optical switch are used. The optical switch
selects the position which corresponds to the selected code
as prescribed by the code generator.

[0087] It is well known that some characteristics of several
optical devices, such us lasers and gratings, change with the
ambient temperature variation. For wavelength division
multiplexing communication systems, laser stabilization is
crucial to achieve transparency and avoid the cross-talk
between channels. For Bragg gratings, when the ambient
temperature changes, the effective period of the refractive
index changes. This consequently varies the central fre-
quency of the grating reflectivity. To select precisely the
central frequency of the reflectivity, the Bragg grating tem-
perature must be accurately controlled. For example, in
FIG. 22, the adjustment of the Bragg grating frequency is
achieved by controlling its temperature. In the following, it
is explained how fast frequency hopping encoded informa-
tion signals resist temperature variation in the transmitter
environment. This property can substantially alleviate the
temperature stabilization requirement in the transmitter.

[0088] If the environment temperature of a given fre-
quency hopping optical transmitter according to the pre-
ferred embodiment increases, all wavelengths of the trans-
mitted FFHSS signal simultaneously and identically
increase. If the broadband source signal is large and flat
enough, the total transmitted energy does not change with
the ambient temperature variation. In effect, the number of
the sequence pulses and their energy do not change. Only the
transmitted wavelengths change. FIG. 23 shows an example
of an FFHSS encoded signal where the code is

ambient transmitter temperature T, (which corresponds to
the squares marked by 0 in FIG. 23). Let DT be a positive
amount of temperature variation which shifts one grating
wavelength from I to I, ,; When the ambient temperature
increases by an amount DT, all gratings wavelengths shift to
higher wavelengths. For a temperature T,=T,+DT, the
resulting  transmitted sequence will be s+1=

50e00000|0the temperature decreases to T-7=T0-
7*DT the effectively transmitted sequence will be
s=7=00|00|00000000 00000000, Let I be a
vector of N-1 components, (10 in the example of FIG. 23),
describing the wavelength number increment in the code.
For example, the first component of I equals to the second
wavelength subscript of the code minus the first wavelength
subscript. For C0, we calculate I (-5)-(-4) (1)~(-4) (-1)-
(1) (-2~(-1) @=(-2) (-3)-4) B)(-3) 2-3) (0-©)
G)—-(0)]=15-2-16-76-1-251]. It will be appreciated
that the codes s1 and s-7 lead to the same increment vector
I. This means that the environment temperature variation
changes the wavelengths but not the increment vector 1.

[0089] In a system where the transmitters are not stabi-
lized in temperature, the increment of FFHSS code is
sufficient for the receiver to decode the message. In the
reception end, using the increment vector, the receiver can
start from any possible frequency sequence which verify the
desired increment vector. If the decoded signal using the first
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selected sequence does not exceed the threshold, the receiver
simultaneously and identically translates the sequence fre-
quency until a high output peak is obtained corresponding to
the transmitted signal at the real transmitter environment
temperature.

[0090] Tt is important to note that this resistance property
is inherent to the FFHSS signal structure and not the
transmitting process. Here we described the case of Bragg
grating based transmitter, but the mentioned properties are
more general. For a transmitter based on a laser array, when
the temperature shifts, all the transmitted frequencies shift.
In the reception end, an array of photodetectors, where each
of which selects a different wavelength can be used.

[0091] FIG. 24 shows simultancously two hyperbolic
codes corresponding to two different users ul and u2. The
increment vector oful is 11=[15-2-16 -7 6 -1 -2 5] and
the increment vector of u2 is12=[2-17-21-31-27 -1].
No user of them is stabilized in temperature. The receiver
which wants to recover the data of user u2 for example,
needs only the increment vector 12. The shown user u2
sequence is [I1 13 12 19 17 I8 I5 16 I4 I11 I10] and
corresponds to the temperature TO. The real transmitted
sequence is in general a translated copy of this sequence.
The selection of the two codes is based on their increment
vectors so that for any wavelength relative shift between the
two users’ codes. Using threshold comparison the receiver
can successfully recover the desired user signal.

[0092] This property is particularly interesting for fiber-
optic based sensors where we need to multiplex many sensor
signals to one fiber. The same principle can be used to
measure the temperature of the transmitter. To measure the
transmitter end temperature, the receiver must know in
advance the transmitted sequence for particular temperature
value and detect the real transmitted one. Using the mea-
sured frequency shift the receiver can estimate the tempera-
ture variation of the transmitter end. The same principle can
be also used to measure and multiplex other environmental
parameters.

[0093] FIG. 25 shows an other alternative block diagram
which describes a possible arrangement of optical elements
to perform the functions of ENC 200, and DEC 200,. In
place of using adjustable band pass filters and fixed delay
elements we can use fixed band pass filters and variable
delay elements. Variable delay elements can be released by
optical cross-connecting switch and a bank of delay lines.

[0094] Although the invention has been described herein
with reference to specific embodiment, it is to be understood
that other embodiment are contemplated within the scope of
the present invention, as defined in the appended claims.

We claim:
1. A method of optical signal transmission comprising the
steps of:

generating a multi-wavelength optical signal modulated
to encode data and occupy a predetermined fraction of
a bit time slot;

selecting a plurality of wavelength division slots within a
wavelength range of said multi-wavelength signal;

introducing, according to a code, a predetermined time
delay in spectral components of said multi-wavelength
optical signal corresponding to each of said plurality of
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wavelength division slots to displace said spectral
components within said bit time slot; and

feeding said spectral components delayed according to
said code into a waveguide transmission medium
shared by at least one other transmitter using said
wavelength division slots and a different code.

2. The method as claimed in claim 1, wherein said step of
introducing said predetermined time delay comprises pro-
viding an in-waveguide Bragg grating device having a
plurality of spaced Bragg grating reflectors for reflecting
said spectral component time delayed according to said
code.

3. The method as claimed in claim 2, wherein said step of
introducing further comprises providing an optical circula-
tor, coupling said optical signal to a first port of said
circulator, coupling said in-waveguide Bragg grating device
to a second port of said circulator, and coupling a third port
of said circulator to said waveguide transmission medium.

4. The method as claimed in claim 3, wherein said
in-waveguide Bragg grating device comprises an in-fiber
Bragg grating.

5. The method as claimed in claim 4, wherein said code
utilizes fewer than all of said wavelength division slots and
a bit time slot shorter than a bit time slot used when all of
said wavelength division slot is utilized, whereby a shorter
code length may be used to achieve a higher bit rate.

6. The method as claimed in claim 1, wherein said code
utilizes fewer than all of said wavelength division slots and
a bit time slot shorter than a bit time slot used when all of
said wavelength division slot is utilized, whereby a shorter
code length may be used to achieve a higher bit rate.

7. The method as claimed in claim 1, wherein said step of
introducing said predetermined time delay comprises pro-
viding a programmable in-waveguide Bragg grating device
having a plurality of tunable spaced Bragg grating reflectors
for reflecting said spectral component time delayed accord-
ing to said code, and tuning said Bragg grating reflectors
according to said code.

8. The method as claimed in claim 7, wherein said tuning
comprises adjusting a temperature control of a temperature
control device for each of said Bragg grating reflectors.

9. The method as claimed in claim 7, wherein said tuning
comprises adjusting a voltage control of a piezoelectric
element for each of said Bragg grating reflectors.

10. A method of optical communication comprising the
steps of:

generating a multi-wavelength optical signal modulated
to encode data and occupy a predetermined fraction of
a bit time slot at a transmitter end;

selecting a plurality of wavelength division slots within a
wavelength range of said multi-wavelength signal;

introducing, according to a code, a predetermined time
delay in spectral components of said multi-wavelength
optical signal corresponding to each of said plurality of
wavelength division slots to displace said spectral
components within said bit time slot;

feeding said spectral components delayed according to
said code into a waveguide transmission medium
shared by at least one other transmitter using said
wavelength division slots and a different code;
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receiving said optical signal from said transmission
medium; and

detecting said displaced spectral components according to
said code to recover said data.
11. The method as claimed in claim 10, wherein said step
of detecting comprises:

introducing, according to a reverse code complementary
to said code, a predetermined time delay in spectral
components of said multi-wavelength optical signal
corresponding to each of said plurality of wavelength
division slots to displace said spectral components
within said bit time slot; and

detecting only within said predetermined fraction of said
bit time slot signal energy of said received optical
signal.

12. The method as claimed in claim 11, wherein said step
of receiving comprises compensating for chromatic disper-
sion caused by said transmission medium.

13. The method as claimed in claim 10, wherein said step
of receiving comprises compensating for chromatic disper-
sion caused by said transmission medium.

14. The method as claimed in claim 11, wherein said
transmitted end is subject to temperature variations affecting
a wavelength of said spectral components, said step of
detecting  comprises  providing a  programmable
in-waveguide Bragg grating device having a plurality of
tunable spaced Bragg grating reflectors for reflecting said
spectral component time delayed according to said code, and
tuning said Bragg grating reflectors to compensate for said
temperature variations.

15. The method as claimed in claim 14, wherein said
tuning comprises adjusting a temperature control of a tem-
perature control device for each of said Bragg grating
reflectors.

16. The method as claimed in claim 14, wherein said
tuning comprises adjusting a voltage control of a piezoelec-
tric element for each of said Bragg grating reflectors.

17. The method as claimed in claim 10, wherein said code
utilizes fewer than all of said wavelength division slots and
a bit time slot shorter than a bit time slot used when all of
said wavelength division slot is utilized, whereby a shorter
code length may be used to achieve a higher bit rate, said
step of detecting including steps of:

detecting any signal present in at least one unused ones of
said wavelength division slots at predetermined time
delays; and

subtracting said signal detected in the previous step from
said displaced spectral components according to said
code in order to recover said data.

18. The method as claimed in claim 11, wherein said code
utilizes fewer than all of said wavelength division slots and
a bit time slot shorter than a bit time slot used when all of
said wavelength division slot is utilized, whereby a shorter
code length may be used to achieve a higher bit rate, said
step of detecting including steps of:

detecting any signal present in at least one unused ones of
said wavelength division slots at predetermined time
delays; and

subtracting said signal detected in the previous step from
said displaced spectral components according to said
code in order to recover said data.
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19. The method as claimed in claim 10, wherein said code
utilizes fewer than all of said wavelength division slots and
a bit time slot shorter than a bit time slot used when all of
said wavelength division slot is utilized, whereby a shorter
code length may be used to achieve a higher bit rate.

20. A method of fast frequency hopping spread spectrum
communication comprising the steps of:

generating a multi-frequency source signal occupying a
wide frequency band;

modulating said source signal to encode data and occupy
a predetermined fraction of a bit time slot at a trans-
mitter end;

selecting a plurality of frequency division slots within
said wide frequency band;
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introducing, according to a code, a predetermined time
delay in spectral components of said modulated source
signal corresponding to each of said plurality of fre-
quency division slots to displace said spectral compo-
nents within said bit time slot;

transmitting said spectral components delayed according
to said code over a medium shared by at least one other
transmitter using said wavelength division slots and a
different code;

receiving said transmitted spectral component from said
transmission medium; and

detecting said temporally displaced spectral components
according to said code to recover said data.

#* #* #* #* #*



