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MUL'fll>LE ACCESS METHOD AND SYSTEM 

Field of th§ Invention 

The present invention relates to a novel rnultiearrier spread-spectrum protocol for wireless and 

5 waveguide communications and radar. 

Baclcground of the Invention 

Multipath fading is the fluduation in a received signal's amplitude. It is caused by interference 

between two or more versions of the transmitted signal that anive at a receiver at different times. This 

10 interference results from reflections ftom. the ground and nearby structures. The amount of multipath 

filtting depends on the intensity and propagation time of the reflected signals and the bandwidth of the 

transmitted signal. The received signal may consist of a Jarge number of waves having different 

amplitudes, and phases. and angles of arrival. These components combine vectorally at the receiver and 

cause the received signal to fade or distort. 

lS The fading and distortion change as the receiver and other objects in the radio environment move. 

These multipath effects depend on the bandwidth of the signal being transmitted. If the transmitted signal 

has a narrow bandwidth (i.e .• the duration of the data bits transmitted is longer than the delay resulting 

ftom muttipa1b. reflections), then the received signal exhibits deep fades as the receiver lllOVe& in a 

multipath environment. This is known as flat fading. A sisnificant amount of power control (e.g. 

· 20 increasing the transmit power and/or the receiver gain) is needed to compensate for deep fades. In 

addition, low data-rate signals experience distortion if the characteristics of the radio environment change 

signiflCalltly during the duration of a received data bit The distortion is caused when movement of the 

receiver or nearby objects results in a Doppler frequency shift of the received signal that is comparable to 

or greater than the bandwidth of the transmit signal. 

25 A wideband signal transmitted in a muhipath environment results in a frequency-selective fade. 

The overall intensity of the received signal has relatively little variation as the receiver moves in a 

multipath environment. However, the received signal bas deep fades at certain ftequencies. If the duration 

of the data bits is smaller than the multipath delay, the received signals experience intersymbot 

interference resulting ftom de1ayed replicas of earlier bits amving at the receiver. 

30 Frequency Division Multiple Access (FDMA) typically suffers ftom flat fading whereas 

multicarrier protocols, such as Orthogonal Frequency Division Multiplexing (OFDM), suffer from 

ftequency-selective fading. CDMA typically suffers from both; however the direct sequence coding limits 

the effects of multipath to delays less than the chip rate of the code. Also, CDMA's capacity is limited by 

muki-user interference. Improved CDMA systems use interference cancellation to increase capacity; 

35 however, the required signal processing effort is proportional to at least the cube of the bandwidth. 

Furthermore, CDMA is susceptible to near-far interference, and its long pseudo-noise (PN) codes require 

long acquisition times. For these reasons, OFDM bas been merged with CDMA. 
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OFDM has a high spectral efficiency (the spectrum of the subcarriers overlap) and combats 

frequency-selective fading. However, the amplitude of each carrier is affected by the Rayleigh law, hence 

flat fading occurs. Therefore, good channel estimation with an appropriate detection algorithm and 

channel coding is essential to compensate for fiuling. The performance of OFDM :frequency diversity is 

5 comparable to the performance of an optimal CDMA system's multipath diversity (which requires a Rake 

receiver). Because diversity is inherent in OFDM, it is much simpler to achieve than in an optimal CDMA 

system. An OFDM system benefits from a lower-speed parallel type of signal processing. A Rake 

receiver in an optimal CDMA system uses a fast serial type of signal processin& which results in greater 

power consumption. In addition, the OFDM technique simplifies the channel estimation problem, thus 

10 simplifying the receiver design. 

In multicarrier CDMA, a spreading sequence is converted from serial to parallel. Each chip in the 

sequence modulates a different carrier frequency. Thus, the resulting sip} bas a PN-coded structure in 

the ftequency domain, and the processing gain is equal to the number of carriers. In multi-tone CDMA, 

the available spectrum is divided into a number of equiwidth frequency bands that are used to transmit a 

15 narrowband direct-sequence waveform. 

Frequency-hopping spread spectrum can handle near--far interference well. The greatest benefit is 

that it can avoid portions of the spectrum. This allows the system to better avoid interference and 

frequency-selective fades. Disadvantages include the requirement for complex frequency synthesizers and 

error correction. 

20 Time hopping has much higher bandwidth efficiency compared to direct sequence and :frequency 

hopping. Its implementation is relatively simple. However, it has a long acquisition time and requires 

error correction. 

Each communications protocol presents different benefits and disadvantages. Benefits can be 

increased by merging different protocols, but only to a limited degree. There is a need for a protocol that 

25 solves all or most problems, especially those associated with fading. 

Summary of the Inyention 

The principle object of the present invention is to provide a protocol that achieves the combined 

benefits of the previously mentioned protocols. Another object is to present a spread-spectrum protocol 

30 that is specifically designed for mobile communications. These objects are accomplished by 

interferometry of multiple caniers. The protocol enabled by the present invention is Carrier Interference 

Multiple Access (CIMA). In CIMA, the frequency and phase of each carrier is selected so that the 

superposition of the signals results in a pulse (constructive interference resulting ftom a zero-phase 

relationship between the carriers) that occurs in a specific time interval The resulting signal has side 

35 lobes whose amplitudes are far below the amplitude of the pulse. Thus, orthogonality is achieved in the 

time domain. ·--. -·--·--· ·-. ------ -·------------·-- -
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Because the carriers~ within the time ~erval where supetPosition yields a negligible signal 

leve], it can be concluded that the pulse exists in a different phase space. This phase space is defined as a 

time (phase} offset between the carriers. The offset enables the pulse to be observed in a specific time 

interval A receiver tuned to multiple phase spaces can generate multiple samples of the CIMA signat 

5 Thus, CIMA enables signals to be processed simultaneously as both. low and high data-rate signals. This 

mitigates the multipath problems inherent in both classes of signals and enables the system to function 

with substantially reduced signal power levels. Furthermore, if the CIMA carriers are pulst>amplitude 

modulated such that the superposition does not result in a pulse in uro-phase space, then the CIMA 

signals are visible only to CIMA receivers tuned to a nonzero-phase space. Conventional radio receivers 

10 can not detect these signals. 

In a dispersive medium, such as an optical fiber, the phase space of a CIMA ttansmission may be 

selected to match the chromatic dispersion along a predefined length of the medium. The effect of the 

dispersion is that the phases of the cmiers align, resulting in a pulse occurring in the medium at a 

predefined position. 

15 The time-dependent nature of CIMA phase space also enables automatic scanning of an antenna 

array's beam pattern. If each element of an antenna array transmits a CIMA carrier. the array's beam 

pattern scans with a period that depends on the frequency spacing of the carriers and the separation 

between the antenna elements. 

CIMA may be used to create any of the protocols previously mentioned. It is an objective of the 

20 present invention to provide methods and apparatus for transmitting and receiving CIMA signals. To this 

end, the following objectives are achieved: 

An objeetive of the invention is to reduce the effects of multipath fading and interference. A 

consequence of this objective is the reduction in required transmission power. 

Another objective is to provide secure communications by creating transmissions that are difficult 

25 to intercept because they are nearly impossible to detect. The low power requirements of the carriers and 

the transmission of the carriers in nonzero-phase spaces accomplish this. 

Another objective of the invention is to reduce interference to other systems and minimize the 

susceptibility of the communication system to all types of radio interference. 

Another objective of the invention is to minimize and compensate for co-channel interference that 

30 occurs when the communication system serves multiple users. 

Another objective is to provide a spread-spectrum communication protocol that is not only 

compatible with adaptive antenna mays, but enables substantial advances in antenna-array technologies. 

Another objective is to enable a spread .. spectrum communication system. to have the performance 

benefits of a resource-limited system, the capacity and graceful degradation benefits of an interferen.ce-

35 limited system, and the ability to provide the benefits of both systems simultaneously. Further objectives 

and benefits of the invention will become apparent in the Description of the Preferred Embodiments. 
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Brief Descrjption of the Drawings 

FIG. 1 is a schematic of a transmitter that generates CIMA signals. 

FIG. 2 is a second embodiment of a transmitter that generates CIMA signals. 

S FIG. 3 is a schematic of a transmitter that generates CIMA carriers emitted by an antenna array. 

FIG. 4 is a plot of a plurality of CIMA carriers and a superposition of the carriers. 

FIG. SA is a plot of eight CIMA carriers that shows the relative phases between the carriers as a function 

of time and illustrates the phase spaces represented by the relative phases. 

FIG. SB is a time-domain plot of a superposition of the carriec signals shown in FIG. SA. 

10 FIG. 6 is a polar plot in time of a superposition of the carriers shown in FIG. SA. 

FIG. 7 is a flow diagram for a receiver that receives a CIMA signal and samples the signal in multiple 

phase spaces. 

FIG. 8 shows part of a frequency profile for a group of CIMA carriers. 

FIG. 9A through 91 shows a beam pattern produced by the transmitter in FIG. 3 at different times. 

15 FIG. 10 is a ftequency-sbifted feedback cavity that includes a traveling-wave cavity and a frequency­

shifting device through which optical signals are circulated. 

FIG. 11 shows different CIMA signals as they propagate down an optical fiber where the phase offsets of 

the carriers are matched to the chromatic dispersion properties of the fiber. 

FIG. 12A is a plot of the relative :frequency-versus-amplitude profile of CIMA carriers that generate a 

20 direct sequence CDMA chip sequence in the time domain. 

FIG. 12B is a time-domain representation of a direct sequence CDMA signal generated by the CIMA 

carriers shown in FIG. 12A. 

Description of the Preferred Embodiments 

25 FIG. 1 shows a flow diagram of a CIMA transmitter that converts a baseband information signal 

for a single user k to a CIMA signal for transmission. Data received from an input data source 12 

modulates a number N of CIMA carriers, which have different carrier frequencies. This modulation 

occurs at a plurality of carrier mixers 14n. In this case, the frequencies of the CIMA signals are 

incrementally spaced by a shift frequency t;. However, non-uniform spacing of the :frequencies may also 

30 be used to achieve specific benefits described in U.S. Pat Appl. #09/022,9S~ which is incorporated 

herein by reference. The caJTier frequencies are typically chosen to be orthogonal to each other: 
Tc 

jcos(a.v+~)cos{ml+;,}lt = o 
0 

where Tc is the chip duration, C.!lj and O>j are the ith and jth caJTier fi'equencies, and clii and clti are arbitrary 

phases. A signal in the jth :frequency band does not cause interference in the ith ftequency band. However, 

35 orthogonality of the waveforms is not required if the signals transmitted are resource limited. 
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The phase of each COO signal is set with respect to a predetdmined receiver time interval and 

phase space in which the CIMA signals constructively combine when received by a CIMA receiver. An 

incremental phase offset of ~~k is applied to each CIMA carrier by one of a plurality N of user"'.interval 

delay systems 16n. Each CIMA canier has its gain adjusted by an amplitude-control system 1 Sn. The 

S amplitude control 18n provides a gain profile to the CIMA signals. This profile may include a tapered­

amplitude window with respect to the frequency ~ compensation for flat fading of CIMA carriers 

in the communications channel, and pulse-amplitude modulation of the CIMA carriers (which limits the 

existence of the carriers to temporal regions near a predetermined receiver time interval for each carrier). 

The gain-adjusted CIMA signals are summed by a combining system 20. A ftequency converter 22 may 

10 be used to convert the CIMA signals to the appropriate transmit frequencies, which are conveyed to a 

output coupler 24. 

The output coupler 24 is any device that couples CIMA transmit signals into a communications 

channel from which CIMA signals are received by a receiver. For radio communications, the output 

coupler 24 may include one or more antenna elements (not shown). For optical communica~ the 

15 output coupler 24 may be a lens or simple coupling element that couples light into an optical fiber. 

Although this diagram illustrates the generation of CIMA transmission signals as step-by-step procedures, 

a preferred embodiment for accomplishing these processes is to use digital signal-processing techniques, 

such as Discreet Fourier Transforms. 

The order of some of these processes may be switched. For example, modulation of each CIMA 

20 cmier by the input data may be the final step before combining. FIG. 2 shows a flow diagram for 

generating CIMA signals. Each of these processes is similar to the processes shown in FIG. 1. The 

difference between the diagrams is that in FIG. 2, the CIMA signals are not combined until they are 

1m11Smitted into the communications channel. An illustration of this is shown in FIG. 3. 

FIG. 3 shows a da1a stteam from the data source 12 being used to modulate a plurality of CIMA 

25 caniers at a plurality of mixers 2Sn. A CIMA carrier with a specific frequency, phase re1ationship and 

gain profile is input to each mixer 2Sn. F.ach bit from the data source 12 modulates all of the CIMA 

carriers. Each mixer 2Sn is connected to one of a plurality of antenna-array elements 24n; thus, each 

antenna element 24n transmits only one CIMA carrier. Although the collection of CIMA carriers has data 

redundancy due to the same bit being modulated onto muhiple carriers, the frequency and phase 

30 relationships between the carriers cause orthogonality in time (illustrated by the Inverse Fourier 

Transfonn of the CIMA carriers in the ftequency domain). This orthogonality negates the typical decrease 

in bandwidth efficiency caused by data redundancy 8nd retains the benefits of frequency diversity. The 

orthogonality results :from constructive and destructive interference between the CIMA carriers. 

Constructive interference causes narrow time-domain pulses with a repetition rate proportional to the 

35 inverse of the carrier-frequency spacing t;. 
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FIO. 4 illustrates how the phase :fronts of CIMA carriers are aligned at a specific time. At other 

times, the carriers combine destructively resulting in undetectable signal levels. A composite signal 130 

results from the summation of the carriers. The composite signal 130 shows a pulse envelope occurring in 

a predetermined time interval 13S. In the case where there is no amplitude tapering (i.e., a rectangular 

5 window) arid the CIMA carriers are uniformly spaced in frequency, a composite CIMA signal is: 

which has a magnitude of: 

N 
e(t) = L e1[(a1.+ne11, )+nA;] 

n-1 

le(t )- sin N(ml +A; 12 
- sin((av+A;)12) 

The CIMA signals are periodic with period l/fs for odd number of carriers N and with period 2/fs 
10 for even number of carriers N. The main lobe bas duration 2JNf1 and the N-2 side lobes each bas a 

duration l/Nt;. The amplitude of the th side lobe with respect to the main lobe amplitude is: 

A(l)- 1 
- N sin(1&(l + 1/2 )/ N) 

Because the period and width of the pulse envelope depends on the amplitude, phase, and frequency 

separation of the CIMA caniers, the frequency of each carrier may be changed without affecting the pulse 

15 envelope as long as the amplitude, phase, and frequency separation are preserved. Thus, frequency 

hopping and frequency shifting of the carriers does not affect the temporal characteristics of the 

composite signal 130. Providing a tapered amplitude distribution to the CIMA carriers broadens the main 

lobe width and reduces the amplitude of the side lobes. 

FIO. SA illustrates the phase space of the carriers shown in FIG. 4. As time moves forward, the 

20 phase relationship between the CIMA carriers changes. A straight line 113 indicates a zero.phase 

relationship between the carriers. The sum of the carriers are viewed in a specific phase space. A pulse 

occurs when there is a :zero.phase relationship between all the carriers, yet the carriers can exist in other 

time domains even if no pulse is visible. When the pulse moves into this phase space (which it does as a 

periodic function of time), the pulse becomes visible. Zero-phase is the phase space in which all 

25 conventional receivers operate. This phase space is illustrated by the sum of carrier amplitudes along any 

straight line that rotates about a fixed point 112. The sum of the amplitude of the waves along the line 113 

as it rotates is shown in FIG. SB and in a polar plot illustrated by FIG. 6. 

In FIG. SA, a curved line 111 illustrates one of the many phase spaces in which a pulse may be 

observed. This phase space 111 occurs within a time interval that is bounded by lines 115 and 117. In this 

30 time interval, the amplitude of the composite signal 130 (shown in FIG. SB) is negligible. However, a 

receiver may tune to a specific phase space by selectively delaying each of the received carriers by a 
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predetermined amount before ·~ttmming the carriers~ In this way, a reo~iver may detect a pulse that is 

otherwise invisible in zero-phase. 

FIG. 7 shows a single-user p~space receiver that is capable of sampling in multiple phase 

spaces. A received CIMA signal is detected from the communications channel by a receiving element 52 

5 and down-converted by a mixer 54 before being separated into its N component carriers by a ftequency 

tilter S6. Depending upon how the transmit signal may have been altered by the communications channel, 

one of a plurality of gain compeosators {not shown) may apply a gain compensation to each component n. 

Then each gain-compensated component is split into a number M of delay components, each of which is 

delayed by a p~space delay compensator 60mn. The output of each m-numbered delay component is 

10 summed at a combining step 62 to reconstruct pulses observed in other pJiase spaces. Each pulse may be 

delayed at a delay step 64m to synchronize the pulses before being summed in a decision step 66 that 

outpUts an estimate of the original transmit signat In practice, the delay step 64m may be integrated into 

the decision step 66. 

This receiver obf:ains multiple samples of the pulse because it tracks the pulse through different 

15 phase spaces. Thus, the receiver benefits from the reiatively slow data rate (i.e., pulse period) of the 

CIMA carriers which combine to create the pulses. This remedies the muhipath problem of intersymbol 

interference. The short duration of each pulse allows the receiver to avoid the fading and distortion 

problems inherent in systems that receive slowly varying signals and the flat fading associated with 

narrowband signals. Although the pulse is comprised of many narrowband CIMA carriers, flat fading 

20 (which causes very deep fades) is avoided because the CIMA pulse depends on the interference pattern 

between a large number of CI.MA carriers. Furthermore, if the number of and spacing between the CIMA 

carriers are appropriately c~ it is unlikely that more than one CIMA carrier is located in a deep fade. 

Thus, ftequency diversity is achieved. 

Each user k can share the communication resource through a unique selection of the phase offset 

2S (i.e., timing offset) while employing the same carriers as other users. IfN orthogonal carriers are shared 

by each user k, then N users may use the resource without co-channel interference. In this case, there is a 

unique combination of phase space with respect to time for each user k. Similarly~ users employing 

different CIMA carriers may use the same phase space with respect to time without co-channel 

interference. Because the pulse characteristics depend on the frequency and phase relationships between 

30 the CIMA carriers, the frequency and phase of each CIMA signal may be changed without altering the 

characteristics of the pulse envelope as long as those relationships between the CIMA carriers remain 

unchanged. This enables a transmitter to ftequency hop to avoid interference or enhance security. 

Separation f. between the CIMA cmiers for each user may be selected as shown in FIG. 8 such 

that it exceeds the coherence bandwidth (i.e., the inverse of the multipath duration). This results in 

35 :frequ~ nonselective fading over each carrier. If the adjacent CIMA carriers overlap in frequency by 

500.4, the system capacity increases by two-fold above the classical limitation imposed by non~ 
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overlapping carriers. Such a system does not have independent channel-fading cbaracteristics over each 

cattier. However, CIMA carriers do not need to be aqacent in :frequency. The system can attain N-fold 

frequency-diversity gain by using a subset of carrier frequencies for each set of users such that the carrier 

separation t for each user k exceeds the coherence bandwidth. For example, in the frequency profile 

5 shown in FIG. 8, a set of nonadjacent carrier frequencies 42, 43, and 44 may be selected for a particular 

group of users. This frequency profile allows both time offsets and frequency division multiplexing to 

optimize bandwidth efficiency. If the bandwidth of each cmier is small compared to the canier 

separation " unauthorized interception of the CIMA signal by a broadband receiver is more difficult. The 

amount of background noise received by a receiver depends on the bandwidth of the receiver. A CIMA 

10 receiver may be tuned to receive CIMA carriers at predetermined narrow bands in which the signal-to­

noise ratio (SNR) is relatively large. However, a broadband receiver receives noise components in the 

spectrum between the CIMA carriers, resulting in a low SNR. 

If the number of users k exceeds the number of CIMA carriers N, the timing offset of each user k 

can be selected to position the CIMA pulses to minimize the mean square cross correlations between the 

15 pulses. User signals may also be positioned relative to the type and priority of each user's communication 

channel This ensures quality of service for specific users or types of transmissions. This also provides the 

quality of a resource-limited system when the number of users is at or below the classical limit of a 

resource-limited system and provides interference-limited operations when demand exceeds the classical 

limit 

20 Although the receiver shown in FIG. 1 is described as a single-user receiver, a preferred mode of 

operation is multi-user detection. Unlike direct-sequence CDMA where each user contributes noise to 

every other user's communication channel, CIMA limits multi-user interference to user signals (pulses) 

that are nearby in the time domain. In the preferred mode of operation, the receiver samples adjacent user 

signals in as few as two neighboring user time intervals. Then it performs a weight and sum in the 

25 decision step 66 to cancel those contributions to the intended user's signal. 

The separation d between the antenna elements 24n of the transmitter 70 (shown in FIO. 3) 

results in an azimuthal variation of the beam pattern produced by the may 24n due to the time-dependent 

phase-space characteristic of the CIMA signal. In other words, as the phase space of the CIMA signals 

changes with time, the beam pattern of the array 24n scaus. The time dependence of the beam pattern's 

30 directionality is shown by the following beam-pattern equation: 

N 

D(t)= Lancos{(m0 +nm,)+211ndsin8/ An) 
,,..., 

where &a is the amplitude of each CIMA carrier, mo+ nm. is the radial frequency of the nth CIMA carrier, 

A.a is the CIMA carrier wavelength, 9 is the azimuthal angle, and d is the separation between the array 

elements 24n. This characteristic of the CIMA beam pattern may further enhance the diversity benefits of 

35 CIMA. Prior art shows that changing the beam pattern of a transmitting antenna aids in diversity 
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reception. Plots of the beam~ equation D(t) are shown in FIGS.if A through 9L ford= A.o /2 and 

incremental values of time t. Diffecent values for separation d result in changes to the number of main 

lobes and the rate at which they scan. Adjusting the frequency separation f, changes the directionality 

D(t). 

S FIG. 10 shows a ftequency-sbifted feedback cavity (FSFC) 70 that can be used to generate CJMA 

signals. A base-frequency generator 72 produces an optical base frequency fo signal from which 

frequency-shifted sigoa)s are created. The basc-ftequency signal is input to a 1ravelling-wave cavity 74 

that includes a &equency shifter 76. The ftequency shifter 76 may be an acousto-optic modulator (AOM). 

As light circulates through the cavity 74, it is shifted in frequency by an amount f. each time it passes 

10 'through the frequency shifter 76. The travelling-wave cavity 74 does not selectively attenuate frequencies. 

Rather, the oscillations it supports are characterized by an unusually broad spec1ral output, that has no 

mode structure. A portion of the light is output ftom the cavity to a multi.carrier processor 78. For 

example, an AOM (not sh.own) diffracts light passing through it; the light is then fed back into the cavity 

74. An undiffi'acted portion of the beam provides a convenient output. The output of the processor 78 is 

15 conveyed to an output coupler (not shown}, for example, an antenna, a focusing element. or a connector 

to an optical fiber. 

The output beam consists of multiple beams of increment.ally delayed, frequency~sbifted light. 

The amount of delay incurred by each output beam component is identified by the ftequency of the 

component. If the cavity 74 does not cause the light to undergo a significant amount of chromatic 

20 dispersion, the amount of delay incurred by an output component is substantially proportional to the 

mnount of frequency shift the beam has incurred. The multicarrier processor 78 may include diffractive 

optics to wavelength demultiplex the output components. If the base-ftequency generator 72 modulates 

the optical base signal with an information signal, the output of the multicanier processor 78 includes 

multiple delayed (and separated) versions of the modulated signat Each of the delayed vezsions of the 

25 modulated signal may be used to modulate a transmit signal emitted by each of the antenna 81T8Y 

elements 24n shown in FIG. 3. If each army element 24n emits a transmit signal having the same 

distnDution of frequencies, 1he directionality of the beam pattern produced by the array 24n does not 

change in time. Rather~ the directionality can be adjusted simply by changing the length of the travelling­

wave cavity 74. 

30 The FSFC 70 may also be used as a receiver for sampling received CIMA signals in nonzero.. 

phase spaces. This requires that the ftequency shift t by the ftequency shifter 76 match the :frequency 

separation of the received CIMA signals. Light output from the FSFC 70 is separated by wavelength to 

identify the different phase-space samples of the received CIMA signal These phase spaces will be 

substantially linear if the cavity 74 does not cause chromatic dispersion. Linear phase space sampling 

35 matches the phase spaces of the received signals provided that f0 >> N*~ 
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The FSFC 70 shown in FIG. 10 may be used to generated CIMA signals for transmission through 

an optical fiber or waveguide. In this mode of operation, the frequency generator 72 produces an 

unmodulated optical base signal. The output of the ttavelling·wave cavity 74 is a collinear superposition 

of CIMA carriers and is easy to couple into an optical fiber. Thus, the multicarrier processor 78 does not 

5 separate the components. The multicanier processor 78 modulates the CIMA signals with an information 

signal that has a predefmed dUration in the time domain. The timing and duration of the information 

signal can be chosen to compensate for chromatic dispersion of the CIMA carriers as they propagate 

through the fiber. 

Chromatic dispersion occurs in an optical fiber as different wavelengths of light travel at different 

10 speeds. Optical fiber has different indices of refraction for different wavelengths of light. The speed of 

light in the material is inversely proportional to the index of refraction. In material dispersion, light with a 

long wavelength travels :lilster than light with a shorter wavelength. This causes distortion (broadening) of 

optical pulses transmitted through an optical fiber. 

FIG. 4 shows the phase relationship between CIMA carriers as a CIMA signal propagates in a 

15 nondispersive medium. As the CIMA carriers propagate through space, CIMA pulses do not distort 

because the phase relationships between the carriers do not change except for their periodic relationship. 

For example, a receiver moving at the speed of the carriers detects no changes in the relative phase of the 

caniers. Another way of describing this is that two stationary receivers may be spaced apart by an integer 

number of pulse periods, and they detect the same phase relationships between the CIMA carriers. 

20 However, in a dispersive medium, the two stationary detectors detect different phase relationships 

because some of the carriers have traveled further in phase. The following equation shows the difference· 

in wavelength between adjacent CIMA carriers: 

Alt= cf. 
fo(/,, +I.) 

This is a nonlinear relationship in which the wavelength difference A'A. between adjacent CIMA carriers 

25 increases as the wavelength of each carrier increases. This is illustrated by a phase profile 123 of carrier 

maxima in FIG. 4. The frequency separation t is selected with respect to the dispersion characteristics of 

an optical fiber 150 to match the velocity profile of the carriers with their phase profile. Then portions of 

the carriers are selected to constructively combine to create CIMA pulses at predetermined locations 

along the fiber 150. 

30 The CIMA carriers are pulse-amplitude modulated in a time interval 133 in which the phase 

profile 123 occurs. In that time interval 133, the composite signal 130 resulting ftom the sum of the 

carriers is negligt"ble. As the caniers propagate through the fiber 150, the relative phases of the caniers 

change. During a later time interval 135, the carrier signal phases line up at a specific time 125, which 

results in constructive interference that causes a pulse to occur in the composite signal 130. At later time 
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intervals 127 and 129, the 1o\\;:~velength carriers Jiave traveled slightly farther, resulting in distorted 

phase profiles 137 and 139, respectively. The composite signal 130 in these time intervals returns to zero. 

FIG. 11 shows a plurality of composite CIMA signals along a dispersive optical fiber 150. Three 

signals 160, 170, and 180 are input at one end of the fiber 150. The phase profile of the first signal 160 is 

s seleeted such that the CIMA carriers combine constructively to produce a pulse 161 at a first node 151. 

The first CIMA carriers 160 combine destructively to produce low-level signals 162and163, at second 

and third nodes 152 and 153, respectively. Similarly, the carrier phases of the second signal 170 are 

selected to produce a constructively interfering signal 172 at the second node 152. Likewise, the carrier 

phases of the third signal 180 are selected to provide constructive interference 183 at the third node 153. 

10 By making use of the nonlinear dispersion ofligbt in an optical fiber, it may be possible to expand the 

usable bandwidth of the optical fiber beyond classical limitations. 

FIG. 12A shows an amplitude distribution for twenty CIMA carriers. These carriers produce a 

combined signal shown in FIG. 12B consisting of a pseudo-random sequence of positive and negative 

CIMA pulses. Thus, a particular distn1>ution of carrier amplitudes in the frequency domain results in a 

15 direct-sequence CDMA code that is periodic in the time domain. When CIMA signals are used as the 

basis for a CDMA system, the CDMA system gains the advantages of reduced multipath and intersymbol 

interference, increased capacity. and reduced co-channel interference. Because CIMA signals are sine 

functions, they have high autocorrelation efficiency. The autocorrelation function falls off rapidly when 

synchronization is lost. 

20 The preferred embodiments demonstrate a few of the many methods for generating and receiving 

CIMA signals. This was done to provide a basic understanding of the characteristics of CIMA. With 

respect to this understanding. many aspects of this invention may vary; for example, the methods used to 

create and process CIMA signals. It should be understood that such variations fall within the scope of the 

present invention, its essence lying more fundamentally with the design realizations and discoveries 

25 achieved than the particular designs developed. 

The foregoing discussion and the claims that follow describe the prefetred embodiments of the 

present invention. Particularly with respect to the claims, it should be understood that changes might be 

made without departing ftom the essence of the invention. In this regard, it is intended that such changes 

still fBll within the scope of the present invention. To the extent such revisions utilize the essence of the 

30 present invention, each naturally fillls within the breadth of protection encompassed by this patent. This is 

particularly true for the p-eRDt invention because its basic concepts and understandings are fundamental 

in nature and can be broadly applied. 
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I claim: I lllllll llllll lllll lllll II llll 
* C L M S * 

1. A method of communication between at least one 'b.'ansmitter and one receiver using carrier· 

interference multiplo-access (CIMA) communication signals, the method comprising the steps of: 

5 • providing for the generation of a plurality of electromagnetic cmier signals for use by at least one 

user, the carrier signals having a plurality offtequencies, 

• providing a relative phase to the carriers to produce a predefined phase relationship at a 

predetermined time, 

• providing modulation of the carrier signals by an information signal, 

I 0 • providing for transmission of the modulated, phased carrier signaJs into a com.mUnications 

channel to produce CIMA transmit signals having carrier-signal components, and 

• providing for reception of the CIMA transmit signals from the channel wherein the carrier-signal 

components are combined in phase to produce at least one constructive-interference pulse that is 

indicative of the information signal 

15 2. The method of communication recited in claim 1 wherein the carrier signals are incrementally spaced 

in frequency. 

3. The method of communication recited in claim 1 wherein the step of providing for the generation of a 

plurality of electromagnetic carrier signals includes the generation of a plurality of groups of carriers 

having identical sets of cmier frequencies, each group being assigned to one of a plurality of users, 

20 and the step of providing a relative phase to the caniers includes providing a unique relative phase to 

the carriers of each group wherein each group bas a unique time offset in order to generate pulses that 

are received at different time intervals. 

4. The method of communication recited in claim l wherein the step of providing for the generation of a 

plurality of electromagnetic carrier signals includes the generation of a plurality of groups of catrlers, 

25 each group having a unique set of carrier ftequencies and being assigned to at least one user, and the 

step of providing a relative phase to the carriers includes providing a relative phase to each group 

such that a plurality of users receives pulses in the same time interval but each user uses different 

carrier frequencies. 

S. The method of communication recited in claim 1 wherein the step of providing for the generation of a 

30 plurality of electromagnetic carrier signals having a plurality of frequencies includes the step of 

providing variations to the carrier frequencies with respect to time wherein the :frequency variations 

for each carrier in a group of caniers corresponding to each user are substantially identical, thereby 

causing little or no change to the envelope of the pulse. 

6. The method of communication recited in claim 1 wherein the step of providing modulation of the 

3S carrier signals comprises pulse amplitude modulation being applied to a plurality of the carriers, the 



l lllllll llllll lll\1111\1111111 
W099/41871 * C L M S * PCT/US99/02838 

13 

pulse amplitude moduladdii having a duration that is longer thai\tliC pulse width of the constructive­

interference pulse. 

7. The method of communication recited in claim 1 wherein the step of providing modulation of the 

canier signals comprises pulse amplitude modulation being applied to a plurality of the carriers, the 

s pulse amplitude modulation having a duration that is shorter than the period of the constructive­

interference pulse. 

8. The method of communication recited in claim 1 wherein the step of providing for the generation of a· 

plurality of electromagnetic carrier signals includes tapering the frequency·versus-amplitude window 

of the carrier signals to reduce time-domain side-lobe energy of the constructive.interference pulse. 

10 9. The method of communication recited in claim 1 wherein the step of providing for reception of the 

CIMA ttansmit signals includes the step of providing a number of predetermined delays to each 

received carrier signal before combining to produce the constructive.interference pulse where the 

number of predetermined delays is equal to the number of different phase spaces in which the 

received CIMA transmit signal is sampled. 

15 10. The method of communication recited in claim 1 wherein the step of providing modulation of the 

carrier signals by an infonnation signal is performed in a specific time interval relative to the phase of 

the carriers such that the resulting moduJated carriers occupy one or more nonzero-phase spaces and 

do not combine constructively in m'O-phase space to produce a pulse. 

11. The method of communication recited in claim 1 wherein the step of providing for reception of the 

20 CIMA transmit signaJs includes compensating for the relative phases of the carriers in at least one of 

the nonzero-phase spaces in order to combine the carrier signaJs in phase. 

12. The method of communication recited in claim 9 wherein multi.user interference is sampled in the 

different phase spaces and then weighted and combined with an intended user signal to cancel 

contn'butions of the multi-user interference to the intended user sigoal. 

25 13. The method of communication recited in cJaim 1 wherein the step of providing for the generation of a 

plurality of electromagnetic carrier signals is performed by a frequency-shifted feedback cavity. 

14. The method of communication recited in claim 1 wherein the step of providing for reception of the 

CIMA transmit signals is performed by a ftequency·shifted feedback cavity. 

15. The method of communication recited in claim 1 wherein the communications channel is a 

30 waveguide. 

16. The method of communication recited in claim 15 wherein the electromagnetic carrier signals are 

optical signals and the waveguide is an optical fiber. 

17. The method of communication recited in claim 1 S wherein the steps of providing for the generation 

of a plurality of electromagnetic carrier signals and providing a relative phase to the carriers to 

35 produce a predefmed phase relationship are performed to match the relative phases between the 

carriers to the chromatic dispersion profile of the carriers in the waveguide such that the dispersion 
-----------



-----·---- --------------

W099/41871 
I 111111111111111111 1111111 1111 

* C L M S * PCT/US99/02838 

14 

causes the carrier phases to have a predetermined phase relationship after propagating a 

predetermined distance in the waveguide. 

18. The method of communication recited in claim 1 wherein the step of providing for transmission of the 

modulated, phased carrier signals includes transmitting the carriers from a transmitter array wherein 

S each carrier for a particular user is transmitted from a separate ttaosmitter element of the array and an 

array beam pattern is generated from the superposition of transmitted carriers from each of the 

transmitter elements. 

19. The method of communication recited in claim 18 wherein a separation between the transmitter 

elements is selected with respect to the carrier :frequency separation to control the shape of the array 

10 beam pattern and the period in which the array beam pattern scans. 

20. The method of communication recited in claim 1 wherein the step of providing a relative phase to the 

caniers results in a train of pulses in the time domain and the step of providing modulation of the 

camer signals results in modulating each of the pulses with a direct sequence chip such that the 

modulated train of pulses is a direct-sequence code. 

15 21. The method of communication recited in claim 20 wherein the direct-sequence chip is the product of 

an information signal and a chip of a pseudo-random CDMA spreading code. 

22. The method of communication recited in claim 1 wherein the step of providing for reception of the 

CIMA transmit signals includes multi-user ~ion in which user signals from an intended user and 

at least one interfering user are received where the interfering user signals are weighted and combined 

20 with the intended user's signal to cancel the interfering user signals to the intended user's signaJs. 

23. The method of communication recited in claim 1 wherein the step of providing a relative phase to the 

carriers to produce a predefined phase relationship at a predetermined time results in at least two 

received constructive-interference pulses that overlap in time. 

24. The method of communication recited in claim 1 wherein the step of providing a relative phase to the 

2S carriers to produce a predefined phase relationship at a predetermined time includes a decision step 

that allows for at least two received constructive-interference pulses to overlap in time when the 

number of users or channel usage increases beyond a predetermined limit. 

25. The method of communication recited in claim 24 wherein the decision step includes a step of 

identifying the users and assigning a priority to each user that is used to determine which user signals 

30 are be selected to overlap in time. 

26. The method of communication recited in claim 1 wherein the carrier frequencies for each user are 

separated by an amount 1hat is equal to or greater than the coherence bandwidth of the 

communication channel 

27. A carrier-interference multiple-access (CIMA) communication system for providing communication 

35 between at least one transmitter and one receiver comprising: 

• a CIMA transmitter comprising: 
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• a multicarrier geft~tor for generating a plurality of eleetromagnetic carrier signals for use by 

at least one user where the carrier signals are incrementally separated in ftequencyt 

a delay controller to cause a predefined phase relationship between the carriers at a 

predetermined time, 

S - a canier modulator to modulate the carrier signals with an information signal, and 

- an output coupler for coupling the modulated, phased carrier signals into a communications 

channel to produce CIMA transmit signals having carrier-signal components 

• a CIMA receiver for receiving the CIMA transmit signals from the channel, providing a 

predetermined delay to each of the carrier signal components and combining the carrier-signal 

10 components in phase to produce at least one constructive-interference pulse that is indicative of 

the information signal. 

28. The CIMA communication system claimed in Claim 27 wherein the CIMA receiver samples within at 

least one predetermined time interval to receive at least one pulse in zero-phase space. 

29. The CIMA communication .system claimed in Claim 27 wherein the CIMA receiver samples a user 

IS signal in a plurality of phase spaces at different times and combines the samples in a signal estimator 

that estimates the information signal 

.30. The CIMA communication system claimed in Claim 27 wherein the CIMA receiver is a multi-user 

detector that samples one or more interfering user signals that interfere with an intended user's signal, 

weights the sampled interfering signals, and combines the sampled interfering signals with the 

20 intended user's signal to cancel multi-user interference. 

31. The CIMA communication system claimed in Claim 27 wherein the multicarrier generator is a 

frequency~shifted feedback cavity. 

32. The CIMA communication system claimed in Claim 27 wherein the communications channel is a 

waveguide. 

25 33. The CIMA communication system claimed in Claim 27 wherein the output coupler is an array of 

transmitters. 

34. The CIMA communication system claimed in Claim 33 wherein each element of the array transmits a 

separate carrier signal for each user, thereby creating a time-dependent beam pattern for each user, 

and the multicarrier generator controls the frequency separation of the carriers to control the scan rate 

30 of each beam pattern. 

3S. The CIMA communication system claimed in Claim 27 wherein the cattier signals are non-uniformly 

separated in frequency. 

36. The CIMA communication system claimed in Claim 27 wherein one or more :functions of at least one 

of the transmitter and the receiver are performed by digital signal processing. 

35 37. The CIMA communication system claimed in Claim 27 wherein the receiver provides gain 

adjustment to at least one of the carrier signal components to compensate for flat fading. 
--------·------
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38. The CIMA communication system claimed in Claim 27 wherein the multicanier generator provides a 

tapered amplitude.to the carriers to reduce sidelobes. 

39. The CIMA communication system claimed in Claim 27 wherein the carrier modulator applies puJse­

amplitude mbdulation to the carrier signals. 

s 40. The CIMA communication system claimed in Claim 39 wherein the pulso-amplitude modulation is 

applied in a predetermined time interval relative to the phases of the caniers to produce one or more 

CIMA transmit signals that occupy one or more nonzero phase spaces and do not combine 

constructively in zero.phase space. 

41. The CIMA communication system claimed in Claim 40 wherein the communications channel is a 

10 waveguide and the frequency separation and the relative phases of the carriers within a put. 

amplitude modulated envelope are selected to match the chromatic dispersion of the waveguide for 

causing a predetermined phase relationship between the carriers to occur after propagating a 

predetermined distance in the waveguide. 

42. The CIMA communication system claimed in Claim 27 wherein the receiver is a frequency-shifted 

IS feedback cavity. 

43. The CIMA communication system claimed in Claim 27 wherein the muhicarrier generator provides a 

predetermined amplitude to each carrier signal to generate a train of pulses having a direct-sequence 

modulation. 


