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5 ‘The present invention relates to the field of commusications, and more

particularly, the present invention relates to an ultrawide-band impulse
communication transceiver system and method employing a full duplex mode
wherein information is sent and received essentially simultaneously.

Related Art

10 Conventional transceivers operating with narrow band signals typically
use the same antenna to transmit and receive signals. The transmit and
receive signals are usually the same or very close in frequency. Switching
between the transmit and receive mode can be done at very high rates,
depending on the density of each packet of data.

15 Full duplex operation has traditionally been accomplished by either
frequency domain or a time domain multiple access (FDMA or TDMA). In
order to isolate the transmitter and receiver, FDMA uses frequency filters and
hybrids, while TDMA uses a duty cycle scheme in which the transmitter and
receiver alternate operation.

20 An example of an FDMA full duplex voice communication system is
an amateur radio transceiver that operates with different transmit and receive
frequencies. For example, the separated frequencies could be 144 Mhz and
436 Mhz. In such a system, the antennas are usually different, and filters
must be used in the receiver to eliminate transmitter noise from the adjacent

25 transmit antenna. Otherwise, the receiver could easily be overloaded by its
own transmitter.
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5 March 14, 1989) and 4,979,186 (issued December 18, 1990). Because of the
ultrawide-band characteristics of impulse radio, it is difficult to modify
impulse radio systems to use conventional duplex schemes.

In order to achieve full duplex in impulse radio technology, separate
transmit and receive antennas are required for hand-held transceiver

10 applications. This is because the receiver can not be disconnected from the
antenna fast enough to permit transmission using the same antenna.
Therefore, the size of the impulse radio antennas must be relatively small.

An impulse radio system with many users communicating with one
another requires that they all have the same size antennas. In addition, for

15 impulse radio communications in the same bandwidth, it is assumed that the
transmit and receive antennas are the same size as well. These constraints
complicate the implementation of full duplex in impulse radic technology,
because both the transmitter and receiver must be operated in the same
ultrawide frequency bandwidth.

20 Impulse radio technology permits operation at rates so high that there
is no time for the signal to reach the intended receiver before the next pulse
is transmitted. This situation causes several pulses to be present in the space
between the two transceiver units. When there is motion between them such
as in mobile communications, there occurs the unavoidabie condition wherein

25 the transmitter and receiver must operate simultaneously.

In order to operate in full duplex mode in a mobile environment, the
transmitter and receiver would be required to operate simultaneously whenever
the distance separating them increases or decreases by a multiple of C/R,
where C is the speed of light and R is the repetition rate. For example, if
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The present invention is directed to an impulse radio transceiver for

full duplex ultrawide-band communications. The transceiver comprises an
impulse radio transmitter to transmit impulse radio signal pulses, an impulse
radio receiver to receive impulse radio signal i)ulses, and means, associated

15 with either or both of the impulse radio transmitter and the impulse radio
receiver, for synchronizing the transmission and the reception of the impulse
radio signal pulses for pulse interleaved communications. Pulse interleaving
avoids self-interference between the transmitted impulse radio signal pulses
and the received impulse radio signal puises. In addition to pulse interleaved

20 communications, bursts of pulses can be.transmitted between two transceivers
in an interleaved fashion.

Alternatively, The present invention avoids simultaneous operation by
transmitting and receiving at different repetition rates, which forces the
overlap condition to occur at a conmstant rate independent of spatial

25 distribution. In order to overcome the overlap condition, the impulse radio
receiver employs logic which prevents it from operating during the few
overlapping pulses which occur per second.



- 3- R= 1 mllion pul ses per second, these zones would be
about 300 neters, and so on. Although full duplex node of
operation is very desirabte—thts—effect ——-  makes it unpracti cal
to do so. The problemis quite clear: How can an

| npul se radi o receiver 5 di stinguish the signals transmtted by
ot her i npul se meolpgsssszansm tters in the pr esenc e PCT/USE$/06217
powerful inmpulse radio signals transmtted by its own adj acent -
transmt antenna? What is needed as a soluion is a technique,

applicable to inpul se radi o technol ogy, that avoids interference between
transmt and receive signals. 10 Summary
of the Invention The present invention is directed to
an i npul se radi o transd@us.ethef present invention is directed to a system and method

whereby it is possible to send and receive information at the same time using
the same antenna in an impulse radio.
One embodiment of the present invention allows the distance between
5 two transceiver units in communication to be continuously varied, without it
becoming necessary for either unit to transmit a monocycle and then operate
its correlation receiver within a time period which would cause undesirable
cross-talk. This is accomplished by the use of a slightly different repetition
rate for each of the transmit and receive directions, and by turning off the
10 transmitter for the period of time during which the beat period between the
two repetition rates would otherwise require the transmission soon before or
simultaneously with the reception of an impulse signal containing information.

Brief Description of the Figures

FIGS. 1A and 1B show a 2 GHz center frequency monocycle pulse

15 in the time and frequency domains, respectively, in accordance with the
present invention.

FIGS. 2A and 2B are illustrations of a2 1 mpps system with 1 ns pulses
in the time and frequency domains, respectively, in accordance with the
present invention.

20 FIG. 3 illustrates 2 modulating signa! that changes the pulse repetition
interval (PRI) in proportion to the modulation in accordance with the present
invention.

FIG. 4 is a plot ilustrating the impact of pseudo-random dither on
energy distribution in the frequency domain in accordance with the present

25 invention.
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- FIG. 7 illustrates impulse radio multipath effects in accordance with

the present invention.

FIG. 8 illustrates the phase of the multipath pulse in accordance with
the present invention.

10 FIG. 9 shows a representative block diagram of a full duplex impulse
radio system, in accordance with the present invention.

FIG. 10 shows timing of transmitted and received pulses at a
transceiver.

FIG. 11 shows contention zones between an impulse radio transmitter

15 and receiver.

FIG. 12 shows a delay transmit technique to minimize the affect of
contention zones between an impulse radio transmitter and receiver, in
accordance with an embodiment of the present invention.

FIG. 13 shows a flow diagram for a pulse interleaving technique for

20 full duplex impulse radio communications, in accordance with an embodiment
of the present invention.

FIG. 14 shows a flow diagram for a burst interleaving technique for
full duplex impulse radio communications, in accordance with an embodiment
of the present invention.

25 FIG. 15 shows exemplary pulses for a further embodiment of the
present invention using different pulse repetition frequencies for two
communicating transceivers.

FIG. 16 illustrates the cross correlation process in accordance with the

present invention.
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Fi gures of the present invenfidn. 1A and 1B show a 2 GHz center frequency
nonocycl e pul se 15 in the time and frequency_ donmins, respectively,
in accordance with the FIG. 18 shows 3,represeptative, djusiraion of an impulse  radio
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in the tinmg and frequency domal ns,” respectively, in accordance wth the
present inventi on. eMbodiment of the present invéiitian. 3 i | | ustrates a nodul ati ng

signal that changes th I r.epetitign .. interyval (PRL) in
proportion to the nodufgﬁ{oﬁsi (§c8?d?i‘ﬁglglaﬂ tlﬂmtkhémﬁ S e t%l trgnsce&er
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pseudo-random di t her, on ) .
embodiment of the present invention.

10 FIG. 20 shows a flow diagram to implement a delay for puise
interleaved communications.

In the drawings, like reference numbers indicate identical or
functionally similar elements. Additionally, the left-most digit of the
reference number identifies the drawing in which the reference number first

15 appears.



energy distribution in the frequency domain in accordance with the present

I nventi on.
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FIG 11 shows contention zones between an inpulse radio transmtter 15
and receiver. _ FIG 12 shows a delay transmt technique
to minimze the affect of " contenti omzomes between an i npul se
radio transmtter and receiver, in accordance with an

enbodi nent of the present invention. FIG 13 shows a

f1 ow di agram WP 984482 se i nterl eaving techni que for 20 PAIVISO6/53 e X
i mpul se radi o comruni cations, in accordance with an enbodi nent

of the present invention. -8~ FIG 14 shows a flow diagram
for a burst interleaving technique for full duplex inpulse
radi o communi cations, in accordance with an enbodi nent of the
present invention. 25 . FIG 15 shows exenplary pul ses for a
further enbodi medt of Qveeriew present invention using different

pul se repetition freq Tﬁﬁﬁl&@&dfd)&cﬁg}%gy according to the S hoeRlibd & widel

transceivers. . ) G~ 16 1| strates the cross cor Pel ation
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- 6- is not a continuous wave (CW) carrier-based system, the use of a subcarrier

5 is an elegant, counter intuitive addition to the time domain impulse radio
design. Signal-to-noise ratio is thereby improved considerably compared to
non-subcarrier impulse radio transmissions.

Impulse radios generally have: short' duration pulses; center
frequencies typically between 50 MHz and 10 gigahertz (GHz); ultrawide

10 bandwidths of 100+ % of the center frequency; multi-mile ranges with
sub-milliwatt average power levels, even with low gain antennas; extremely
low power spectral densities; lower cost than other sophisticated radio designs,
especially spread spectrum systems; and excellent immunity to jamming from
other systems and to multipath fading.

15 Impulse radios have exceptional multipath immunity and are relatively
simple and less costly to build, especially in comparison to spread spectrum
radios. Impulse radio systems consume substantially less power than existing
conventional radios. Additionally, impulse radio systems occupy less space
than existing portable telecommunications transceivers. Because of these

20 characteristics, impulse radio is an optimal technology for a wide variety of
applications, including personal communications systems and in-building
communications systems.

Copending, commonly assigned U.S. patent application no. 08/309,973
(filed September 20, 1994, and titled An Ultrawide-Band Communication

25 System and Method; which is incorporated herein by reference and referred
to as the "973 application) describes the following impulse radio features: the
use of impulse radio subcarriers; the time modulator that is used for code time
delaying and subcarrier time delaying; linearization of the time modulator;
pseudo Manchester coding for modulation of digital data using impuise radio



FIG 17 shows a representative illustration of an inpulse radio
transceiver for full duplex comrunications, in accordance with an

enbedi-+rent——- —of—the~present—nvent i en—— —FG—18
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transcei ver for full duplex conmunications, in accordance with anot her
enbodi nent ofwoleesgasEsent i nventi on. FI G PSTS00624n
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enbodi mrent of the present invention. 10 FIG 20 shows a flow
diagramto inplenent a delay for pulse i nterl eaved
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appears. The following sections II and III are a detailed description of the
present invention.

5 Section H is directed to technology basics and provides the reader with
an introduction to impulse radio concepts, as well as other relevant aspects of
communications theory. Section III is directed full duplex for impulse radio
communication systems. This section includes subsections relating to the
theory of operation of full duplex for an impulse radio transceiver.

10 II. Technology Basics

As stated above, this section is directed to technology basics and
provides the reader with an introduction to impulse radio concepts, as well as
other relevant aspects of communications theory. This section includes
subsections relating to Gaussian monocycle pulses, pulse trains of gaussian

15 monocycle pulses, modulation, coding, and qualitative and quantitative
characteristics of these concepts.

Impulse radio transmitters emit short Gaussian monocycle pulses with
a tightly controlled average pulse-to-pulse interval. Impulse radio transmitters
use pulse widths of between 20 and 0.1 nanoseconds (ns) and pulse-to-pulse

20 intervals of between 2 and 5000 ns. These narrow monocycle pulses have
inherently wide-band frequency characteristics.

Impulse radio systems uses pulse position modulation, with the actual
pulse-to-pulse interval being varied on a pulse-by-pulse basis by two
components: an information component and a pseudo-random code

25 component. Unlike spread spectrum systems, the pseudo-random code is not
necessary for energy spreading (because the impulses themselves are
inherently wide-band), but rather for channelization, energy smoothing in the
frequency domain, and jamming resistance.
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implementation of Gaussian monocycles, which are also referred to herein as
Gaussian monocycle pulses. A Gaussian monocycle is the first derivative of
the Gaussian function. FIGs. 1A and 1B show a 2 GHz center frequency

10 (i.e., 2 0.5 ns pulse width) monocycle pulse in the time and frequency
domains (see 102 and 104, respectively). (Actual practice prevents the
transmission of a perfect Gaussian monocycle. In the frequency domain, this
results in a slight reduction in the signal’s bandwidth.) These monocycles,
which are sometimes cailed impulses, are not gated sine waves.

15 The Gaussian monocycle waveform is naturally a wide bandwidth
signal, with the center frequency and the bandwidth completely dependent
upon the pulse’s width. In the time domain, the Gaussian monocycle is
described mathematically by:

" X
Vo) = Al/—?n( ? m

Where, A is the peak amplitude of the pulse,
20 t is time, and
< (tau) is a time decay constant.
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Relative to c, the 3 dB down points (power) are:

Siower= 0319 ¢ ; = 1922 ¢. (5)

Siper

Thus, the bandwidth is approximately 160% of the center frequency.
5 Because <t (tau) also defines the pulse width, then the pulse width specifies
both the center frequency and bandwidth. In practice, the center frequency
of a2 monocycle pulse is approximately the reciprocal of its length, and its
bandwidth is approximately equal to 1.6 times the center frequency. Thus,

for the "0.5 ns" pulse shown in FIGs. 1A and 1B:

£.=20 GHz;; Af.=32 GHz. M

10 B. A Pulse Train
Impulse radio systems use pulse trains, not single pulses, for
communications. As described in detail in Section IIT below, the impulse
radio transmitter produces and outputs a train of pulses for each bit of
information.



especially spread spectrum systens; and excellent imunity to jamm ng from
ot her systens and to nultipath fading. 15 | npul se radi os
have exceptional multipath.inmunity and are relatively sinmpl e
and less costly to build, especially in conmparison to spread spectrum

radi os. Inpulse radio systems consune substantially |ess power than

exi sting a&onventional radios. Additionally, inpul serigstezsr
syst ens occupy‘Yess space t han existing portable

t el econmuni cations transcei vers. Because of,these 20

characteristics, inmpulse radio is an optinat” technology for a wide variety
of applications, including personal conmunications systens and
i n-bui | di ng comuni cati ons syst ens.

Copendi ng, commonl y asFirgiggges-bulit bp Weiiverists ihh bl R repeiitioR FfedéhciRe 3f
(filed Septenber 20, 1994 and tlt?ed An UItraﬁvaa%Ie Bai?\% Communi cati on 25

Syst em and Met hod:betweenIf.7 and H egrpnisesperisecand (mpps. where ash meganulseds er r ed
to as the '973 appllob?@géyn)plﬁsg |gﬁs,_%q@e glms&%ng%flanpzﬁﬁmgaﬁﬁht w fgat ures:

t he use o ul se radi o subcarriers; the that is
used for code ti neuncoded. umnodula&dhymgummg,hmmman@frequm demains (sg¢

For modul abi on of e 9% FRPsThPh i frawsocy gefpf il AR Rl pufi? ! 19

- 9- train produces energy spikes (comb lines 204) at one megahertz intervals;

thus, the already low power is spread among the comb lines 204. This pulse
train carries no information and, because of the regularity of the energy

. spikes, might interfere with conventional radio systems at short ranges.

10 Impulse radio systems have very low duty cycles so the average power
in the time domain is significantly lower than the peak power in the time
domain. In the example in FIGs. 2A and 2B, for example, the impulse
transmitter operates 0.1% of the time (i.e., 1 ns per microsecond {(us)).

Additional processing is needed to modulate the pulse train so that the

15 impulse radio system can actually communicate information. The additional
processing also smooths the energy distribution in the frequency domain so
that impuise radio transmissions (e.g., signals) interfere minimally with
conventional radio systems.

C. Modulation

20 Amplitude and frequency/phase modulation are unsuitable for this
particular form of impulse communications; the only suitable choice is pulse
position modulation, which allows the use of a matched filter (i.e., cross
correlator) in the receiver. As illustrated in FIG. 3, a modulating signal
changes the pulse repetition interval (PRI) in proportion to the modulation.

25 If the modulating signal were to have three levels, the first level might
shift the generation of the pulse forward in time from the nominal by 9
picoseconds (ps); the second level might not shift the pulse position in time
from the nominal at all; and the third level might delay the pulse by @ ps.
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basi cs and provides the reader with an introduction to inpul se
radi o conceptWO934462| | as ot her rel evant aspects of PCT/US96/06217
comuni cations theory. Section IIl is directed full duplex for inpulse

radi o comuni cati on systens..1¥his section includes subsections
relating to the theory of operation of full duplex for an

I mpul se radi o tranceiver. . Technol ogy Basi cs

10
As stated above,_this sectign is directed to technol o basi c d
provi des the realidf W ‘Smlr’miib‘ 109 SEDERIe; |ﬁ5’a°§én t@“@fﬂ?i"e%[]%‘? as wel |
as Od dfifudul UBVi@itns BEMRER PRIPS asPPRILY, OAicheitipulst BRAY systi S

section includes subsections relating to Gaussi an rionocycl e
pul ses, pul se trthermaximungavales of A5 /4, wherentspitine oif cthe pulses, Thedimet i on,
codi ng, and qual] ' d | tat | I.Slhcs of
t hese concepts. b&%ﬁ!‘eﬁﬁn@@ asSHALY o ?érr%ﬁnsgopa | o@?&%@%&{@%&@dgﬁég&short
Gaussi an3nonocy ciaveoths s subcéskive monocycles. a tightly control |l ed average
pul se-to-pul se interval

| mpul se radi.,o transnifters . s se pul se
wi dt hs of between 20 lan‘he@WM%&“(W&)“&HB%?‘?@-M%E“%
interval s of betégﬁ?ggv veP RIdrofRLGhensies. TRESEaimple! R heeRe@f Gl emppd H/@emhave
an

I nherently w de- frequency characteristics. | mpul se

radi o systens uswherpghesmogniation ditherr{s)is 400 bh, thePRE is hE0Q,00Q, Henz (Hz)
pul se-to-pul se | fsqhy adahite Y\@lﬁck%gmﬁamg(sl%%: @99,350.@%12?96@%&, 0PMz! WO
conponents: an I nformation conpohent and a pseudo-randbm 'code
10 1,000,100.01 Hz, and 1,000,200.04 Hz. (Dither is an impulse radio
communications term for moving the position of a pulse in time.) Transmitted
energy is now distributed among more spikes (comb lines) in the frequency
domain. If the total transmitted energy remains constant, the energy in each
frequency spike decreases as the number of possible pulse positions increases.

15 Thus, in the frequency domain, the energy is more smoothly distributed.

D.  Coding for Energy Smoothing and Channelization
Because the receiver is a cross correlator, the amount of time position
modulation required for one-hundred percent modulation is calculated by the
inverse of f-/4 (where f; is the center frequency). For a monocycle with a
20 center frequency of 1.3 GHz, for example, this corresponds to +157 (ps) of
time position modulation. The spectrum-smoothing effects at this level of
time dither is negligible.
Impulse radio achieves optimal smoothing by applying to each pulse
a PN code dither with a much larger magnitude than the modulation dither.
25 FIG. 4 is a plot illustrating the impact of pseudo-random dither on energy
distribution in the frequency domain. FIG. 4, when compared to FIG. 2B,
shows the impact of using a 256 position PN code relative to an uncoded

signal.



25 conponent. Unli ke spread spectrum systens, the pseudo-random code

I S not necessary for energy spreadi ng (because the inpul ses

t hensel ves are Inheremntty w de- band)5—btt rather for
channel i zati on, energy snoothing in the frequency domain, and
j amm ng resi st ance.

- 10- WO096/34462  The inpul se radio receiver is a dircREVEYM@ITi on
receiver with a cross correlator front end. The front end
coherently converts the el ectromagnetic .14- pul se train to a

baseband signal in one stage. The inpul se radi o receiver
I ntegrates nmultiple pulses to recover each bit of the transmtted
i nformation. 5 Gaussi an Mnocycl e

The nost basic el errentplgfdlihﬁﬂ'aﬁ §3§°rIHGY16¢st & rehenpsligatiog @H@“ﬁk%?élppclala
| t at f
i npl ementation o g‘%mées Qafd:ﬁae V"@&rﬁrﬂu@éﬁwﬂ* ?&g{ té e

Gaussi an nonocycl ussr an nonocycle I's Irst deri vat
channels). Inan uncoded system, differentiating between separate transmitters
would be very hard. PN codes create channels, if the codes themselves are

5 relatively orthogonal (i.e., there is low correlation and/or interference between

the codes being used),

E.  Reception and Demodulation
Clearly, if there were a large number of impulse radio users within a
confined area, there might be mutual interference. Further, while the use of
10 the PN coding minimizes that interference, as the number of users rises the
probability of an individual puise from one user’s sequence being received
simultaneously with a pulse from another user’s sequence increases.
Fortunately, implementations of an impulse radio according to the present
invention do not depend on receiving every pulse. The impulse radio receiver
15 performs a correlating, synchronous receiving function (at the RF level) that
uses a statistical sampling of many pulses to recover the transmitted
information.
Impulse radio receivers typically integrate 200 or more pulses to yield
the demodulated output. The optimal number of pulses over which the
20 receiver integrates is dependent on a number of variables, including pulse
rate, bit rate, jamming levels, and range.

F. Jam Resistance
Besides channelization and energy smoothing, the PN coding also
makes impulse radio highly resistant to jamming from all radio
25 communications systems, including other impulse radio transmitters. This is
critical as any otber signals within the band occupied by an impulse signal act
as a jammer to the impulse radio. Since there are no unallocated 14+ GHz

rein as
i ve of



t he Gaussian funtion. FIGs. 1A and 1B show a 2 GHz center frequency 10
(i.e., a 0.5 ns pulse width) nonocycle pulse in the time and frequency
domains (S€ee 102 and T0Z, respectively). (ActUal™ practi ce prevents the
transm ssion of a perfect Gaussian nonocycle. In the frequency domain, this
results in a slight reduction in the signal's bandw dth.) These m%&\{;l es,
whi ch are somW@AEM4&al | ed i npul ses, are not gated sine wavesPCHYS
The Gaussi an nonocycle waveformis naturally a w de bandw dth
signal, with the center frequency and theipandw dth conpl etely dependent
upon the pulse's wdth. In the time domain, the Gaussian nonocycle is
descri bed mathematically by: [err] Were, Ais
t he peak anplitude of the pulse, 20 t is ti and
[er rf (t au;rpi s a Qapqpea'@gegg tjebﬁggéfﬁ systems, they must share spectrum thth ottiér
conventiona} and impulse radios without being adversely affected. The PN

code helps impulse systems discriminate between the intended impulse

transmission and transmissions from others.

5 FIG. § illustrates the resnlt of a narrowband sinusoidal jamming
(interference) signal 502 overlaying an impulse radio signal 504. At the
impulse radio receiver, the input to the cross correlator would include that
narrowband signal 502, as well as the received ultrawide-band impulse radio
signal 504. Without PN coding, the cross correlator would sample the

10 jamming signal 502 with such regularity that the jamming signals could cause
significant interference to the impulse radio receiver. However, when the
transmitted impulse signal is encoded with the PN code dither (and the
impulse radio receiver is synchronized with that identical PN code dither) it
samples the jamming signals randomly. According to the present invention,

15 integrating over many pulses negates the impact of jamming.

In statistical terms, the pseudo-randomization in time of the receive
process creates a stream of randomly distributed values with a mean of zero
(for jamming signals). Therefore, 1o eliminate the impact of jammers all that-
is necessary is to sample over enough pulses (i.c., integrate over a sufficiently

20 large number of puises) to drive the impact of the jamming signals to zero.

G. Processing Gain
Impulse radio is jam resistant because of its large processing gain. For
spread spectrum systems, the definition of processing gain, which quantifies
the decrease in channel interference when wide-band communications are
25 used, is the ratio of the bandwidth of the channel to the bandwidth of the
information signal. For example, a direct sequence spread spectrum system
with a 10 kHz information bandwidth and a 16 MHz channel bandwidth yields

a processing gain of 1600 or 32 dB. However, far greater processing gains



In the frequency domain, the Gaussi an nonocycl e envel ope is: [err]
The center frequency is then: [err] Rel ative to c, the 3 dB
down points (power) are: [ err] (5)
Thus, the bandwi dth is approxi rrately 160% of the center frequency. 5
Because [err] (tau) also defines the pulse wdth, then the pulse wdth

specifies wookrsdebz t he center frequency and bandvm' dt h. | n prrEosssoe1?t he
center frequency of a nonocycle pulse is approximately the
reci procal of its length, and its -16-

are achieved with impulse radio systems where, for the same 10 kHz
information bandwidth and a 2 GHz channel bandwidth, the processing gain
is 200,000 or 53 dB.

The duty cycle (e.g., of 0.5%) yields a process gain of 28.3 dB. (The
5 process gain is generally the ratio of the bandwidth of a received signal to the
bandwidth of the received information signal.) The effective oversampling
from integrating over multiple pulses to recover the information (e.g.,
integrating over 200 pulses) yvields a process gain of 28.3 dB. Thus. a
_ 2 GHz divided by a 10 mpps link transmitting SO kilobits per second (kbps)
10 would have a process gain of 49 dB, (i.e., 0.5 ns pulse width divided by a
100 ns pulse repetition interval would have a 0.5% duty cycle, and 10 mpps

divided by a 50,000 bps would have 200 pulses per bit.)

H.  Capacity _
Theoretical analyses suggests that impulse radio systems can have
15 thousands of voice channels per cell. To understand the capacity of an

impulse radio system one must carefully examine the performance of the cross
correlator. FIG. 6 shows the "cross correlator transfer function” 602. This
represents the output value of an impulse radio receiver cross correlator for
any given received pulse. As illustrated at 604, the cross correlator’s output
20 is O volts when pulses arrive outside of a cross correlation window 606. As
a received pulse 608 slides through the window, the cross correlator output
varies. It is at its maximum {(e.g., 1 volt) when the pulse is 7/4 ahead of the
center of the window (as shown at 610}, 0 volts when centered in the window
(as shown at 612); and at its minimum (e.g., -1 volt) when it is 7/4 after the
25 center (not shown).
When the receiving system is synchronized with the intended
transmitter, the cross correlator’s output has a swing of between +1 volt (as
a function of the transmitter’s modulation). Other in-band transmission would



bandw dth i s approxi mately equal

for the "0.5 ns" pulse shown in FIGs. 1A and 1B: [err] 10
A POtse Trarm— "rput-se radio systems—use pul se trans;—not
singl e pul ses, for comuni cations. As described in detail in

Section |1l below, the inpulse radio transmtter produces and
outputs a tramo9sf4462l ses for each bit of

-12-

repetition frequencies of
where each negapul se is

second (npps,

10

15

20

25

to 1.6 tinmes the center frequency. Thus,

B.

cause a variance to the cross correlator’s output value. This variance is a
random variable and can be modelled as a Gaussian white noise signal with
a mean value of 0. As the number of interferers increases, the variance
increases linearly. By integrating over a large number of pulses, the receiver
develops an estimate of the transmitted signal’s modulation value.
Mathematically:

Variance of the Estimate = N° ®)
VZ

Where N = number of interferers,
o is the variance of all the interferers to a single cross

correlation, and
Z is the number of pulses over which the receiver integrates to
recover the modulation.

This is a good relationship for a communications system, for as the
number of simultaneous users increases, the link quality degrades gradually
(rather than suddenly).

L Multipath and Propagation

Multipath fading, the bane of sinusoidal systems, is much less of a
problem (i.e., orders of magnitude less) for impulse systems than for
conventional radio systems. In fact, Rayleigh fading, so noticeable in cellular
communications, is a continuous wave phenomenon, not an impulse
communications phenomenon.

In an impulse radio system, in order for there to be multipath effects
special conditions must persist. First, the path length traveled by the scattered
pulse must be less than the pulse’s width times the speed of light. Second,
successively emitted pulses at the transmitter may arrive at the receiver at the
same time neglecting the decorrelation benefits of time coding.

i nf or mat i orPCT/USIGN6217

Prototypes built by the inventors have pul se
betygen 0.7 and 10 negapul ses per



10[err] pulses). FIGs. 2A and 2B are illustrations of a 1 npps systemwth
(uncoded, unnodulated) 1 ns pulses in the tine and frequency donmains (see

5 102 and 104, respectively). In the freguency domain, this highly
regul ar pul se train produces energy spikes (conb |ines 204) at
one negahertz intervals; thus, the already | ow power is spread
among the contY¥PP4462204. Thi s pul se train carri ®ETRI§I66217

i nformati on and, because of the regularity of the energy .
spi kes, mght interfere with conventi onal-1gadi o systens at short ranges. 10
| mpul se radi o systens have very | ow duty cycles so the average power

in the tinme domain is significantly | ower than the peak power in the tine

domain. In the exanple in FlGs. A and 2B, for .ex | e, the inmpul se
transnitter oper atreTE g?°i@3°otjP“P?¥42WﬂA*Pr?e°I{°iWwdrwﬁgﬁwwi%%gpmm
([err]s)). or about 1 foot (i.e., ACiIx 3000000, D0 YR H8nd)S (SREFIRT 7t th gRAU! at e

the pulse train so that the 15 . i npulse radio system.cén'act ual ly
conmuni cat e i nf oA Whese theipulse traveling 1Bath 1" arrives one halfia pilse sdidthgftat ho snoot hs

the energy distrigdl b'nﬂset e frequency donmain so t hat i npul se
radi o transni ssions (@%. , s'il]gnal s) interfere nminimally with

conventi ofal radi o sy¥oethe latter (with a 1 megapulse per secénid systdfny|thstt werki B€

par 1 cul ar T or m SRR SPLS TR A, B0 S0, S5 RS, Heriver. it | o

pul se eagiDidividual palsdus aubjeen to thB ipsdudarir@vm difher, Whele Phisad @t ched
filter (i.e., craoss correlator) in the receiver. As illustrated
in FIG 3, a nod@Feprreiedi gnal changes the pul se repetition

interval (PRI) in propgfsd @iveli ﬁéiﬁeémﬂbgc%&ﬁ?lﬁggaot cuse self-interference It the

modul ating signal were to have three |evels, € rst 1level myg
shift th&gener alinddGofl. thiscis Plystrated by sherpuiseriraveling Rattod). tHewavervipulses by [err]

Pime o ooras (P gt padty s hatited P18 1 by 1 AR e BB “del
t he pul se by [ er cieapsimpulse radio multipath effects.
As illustrated in FIG. 8 at 802, if the multipath pulse travels one half
width of a pulse width further, it increases the power level of the received
15 signal (the phase of the multipath pulse will be inverted by the reflecting
surface). If the pulse travels less than one half a pulse width further, it will
create destructive interference as shown at 804. For a 1 os pulse, for
example, destructive interference will occur if the multipath pulse travels
between 0 and 15 cm (0 and 6 inches).
20 . Tests of impulse radio systems (including impulse radar tests) suggest
that multipath will not present any major problems in actual operation.
Additionally, shorter pulse widths are also envisioned, which will further
reduce the probability of destructive interference (because the reflected path
length required for destructive interference will be shortened).

25 HI.  Full Duplex for Impulse Radio Communication Systems
A representative block diagram of a. full duplex impulse radio
communication system is shown in FIG. 9. A first transceiver (A) 902
comprises a transmitter (T1) 904 and a receiver (R1) 906. A second



-13- This would be a digital nodul ation schenme. Anal og

nmodul ati on woul d al | ow conti nuous devi ations between PRI-[err]
and PRI +[err]. In the inpulse radi o SyStem t heTmaxi monmval ue

of [err] is t/4, where t=tine of the pulse. The tine

measur enment assunmed to be taken fromthe same part of the nonocycl e_, 5
wavef orm on SS" e nonocycl es. In the q’éﬁ?ﬁéﬂw

dormai n, pul se position nodul ation distributes the energy over
nore frequencies. For exanple, in the cas#g-of a 1 npps system

where the nodul ation dither (d) is 100 ps, the PRI is 1,000,000 Hertz (Hz)
and the additional frequency conponents are: 999, 800.04 Hz, 999, 900. 01 Hz,

10 1, 000, 10 000, 200. 04 a ul se

radi o ng%: I_& e???&?@p’?s@?ﬁl Tapymiget, @6"‘&)5"?’?’ 899 2-pul se in
time.) Transmi ttémhe transceivers 902 ﬁﬂ@@yam%eﬁk?&edjbﬁtar? % o FRAFINT Y14, SPi kes

(conb lines) in the freguenc onai n e total transmtted

energy remmins c i, efiePHher mediug gable of propagating pltrawide-handni ke
decreases as the sHpuBer ToinshRfEd! Bhful@U kaffo Risthls' gm%%ﬁés?o@ngt od.

Thus, in the frequency domain, the energy is nore s
propagation medium 914 between T1 904 and R2 912, and between T2 910

and R1 906.

The purpose for full duplex transmission in an ultrawide band impulse
radio system is to provide two-way transmittal of information similar to
telephony, as opposed to a walkie-talkie (i.e., a put-to-talk simplex operation).

10 Since ultrawide band signals utilize the full electromagnetic spectrum, or at
least a very large part of it, it is necessary to use some technique other than
frequency domain duplexing, which is the conventional method. The
inventors have therefore developed a pulse interleaving technique for full
duplex impulse radio communications.

15 For example, with reference to FIG. 10, if transmitter T1 904 sends
out a train of modulated pulses 1002, receiver R1 906 would need to receive
pulses 1004 transmitted from transmitter T2 910 during the time periods
between the pulses 1002 transmitted by T1.

One complication with this implementation is that at certain integral

20 ranges between transmitter/receiver pair number 1 (i.e., transceiver 1 and
transceiver 2), jt will be necessary for one or the other to transmit and receive
exactly simultaneously. However, simultaneous transmission and reception
requires too large of a dynamic range in the receiver to allow functionality.
This means that at certain discrete locations, determined by the pulse

25 repetition rate, it will be necessary for each transceiver to transmit and receive
simultaneously. As shown in FIG. 11, pulses 1102 transmitted by T1 904 and
pulses 1104 transmitted by T2 910 pass exactly on top of each other at
positions called contention zones. There will be a series of these contention
zones, which cannot be practically removed. Even if one or both transceivers



D. Codi ng for EnerV Snoot hing and Channeliztion

Because the receiver is a cross correlator, the anmount of tine position
nodul ati on required for ene~hunrdred percent nodul ation is cal cul ated by the
inverse of flerr]/4 (where f[err] is the center frequency). For a nonocycle
with a 20 center frequency of 1.3 GHz. for exanple, this corresponds
to 157 (ps) Ofwo9s3deds time position nodul ation. The PCT/USY6/06217
spectrum snoothing effects at this |evel of time dither is

negl i gi bl e. | mpul se raqli achi eves opti mal snoot hi ng by
applying to each pul se a PN code dither with a nuch | arger
magni t ude than the nodul ation dither. 25 FIG 4 is a plot
illustrating the inpact of pseudo-random dither on energy

di stribution in thae inficbijecac shey ommvie nwith-kepect! to edvhrothay ey eefillt sillFdréate 2B,

shows the inpact of using a 256 position PN code relative to an uncoded
Si gna| . contention zones. -14-

According to an embodiment of the presemt invention, T1 904 is set to

emit each pulse 1202 10 nanoseconds (ns) after R1 906 receives a pulse 1204

5 from T2 910. This transmit delay is depicted in FIG. 12. This reduces

interference between the transmitter and the receiver at transceiver 1, for

example. If T1 904 transmits after it receives a pulse, those pulses cannot

interfere. Since T1 904 has waited for over a whole period (one period is

_ about 5 ns) before transmitting, most of the noise from the previous pulse has

16 died down before the current pulse is transmitted. However, some contention
zones 1206 will still exist between the two transmitters. '

The easiest way to resolve these contention zones 1206 is to permit the
first transceiver to have a choice of say, 10 ns or 100 ns of delay before
transmitting after receiving a pulse. This removes the interference at point

15 1208 for example, by pushing (position in time) pulse 1210 up to point 1212
so that the self-interference is avoided.

In addition, it is important to remember that in all cases, each puise is
also time dither coded as described above. They are shown here as un-time
dither coded for simplicity. Thus, time dither coding further serves to remove

20 the interface 1208.

The steps required in signal acquisition for pulse interleaving are
shown in a flow diagram in FIG. 13. In operation, T1 904 would begin
transmitting to R2 912, as shown at a step 1302. R2 912 scans for detection
and acquires Jock through its scanning mechanism (see step 1304). Once it

25 acquires fock (see step 1306), its accompanying transmitter (T2 910) can
begin transmitting, as shown at a step 1308. R1 906 then scans for detection,
at step 1310. If R1 906 happens to be in a contention zone, then it will never
acquire lock to T2 910. Therefore, at the message level, R1 906 must wait
for an acknowledge message (ACK) 1306 to be conveyed to it by T1 904



PN dithering al so provides for channelization (channelization is a
procedure enployed to divide a comunications path into a nunber of
channel s). ~tmman uncoded system  di fTerenti afing between separate

transmtters woul d be very hard. PN codes cr eate channels, if
t he codes thenselves are 5 rel atively orthogonal ﬁ' IS
| ow correl ati WO %%3d463r i nterference between the gg:ées

used). E. Recepti on and Denodul tion

Clearly, if there were a | arge nunber of 2ipul se radio users within a
confined area, there m ght be nutual interference. Further, while the use
of 10 the PN codi ng m ni m'zes that interference as t he nunber of

users rises the i t se one
user's sequence eferg “rﬁws\/ghﬂg"r to'uist Yol § H‘tpﬁaneous ré&% se from
anot her user’ ?ﬁﬂﬁﬁ‘?ﬁla ”(Ifﬁi‘téﬁ receives, or after a cérald umaﬂeésy;ot rm:pivertimnt ations
of an i npul se ra

di oth t d t

depend on recei vr&él(gggr)r B cﬂ!'g‘qp §?Qéh%m319é‘8’éﬁ9 "%Eé“fgn 0
f | |
poT OTITe & COTT el didfifhe ;tatlsaﬂgu,fzr@oe&ewa ;,uns«rdaesé@sn thiestbepevel )

p-

t hat npli ng of many S)ul ses to recover t he
transmttegd are shownrgeﬁmﬂmt)ymcondmonal loop at steps 1312, 1344y L316 30d o
receivers typical B/ integrate 200 or nore pulses to yield t he
denodul at ed out pu 187he opti mal nunber of pul ses over which the 20

receiver integrates i SWﬂed@ﬁﬁbiﬁlﬂmCmmiowmireMck\(acJ.ndeﬂss anAﬂKrﬂnmg pul se
rate, bit rate, jaming |evels Jam

Resi st ace T1 904 sent at stepéé%& s‘{"c‘ﬁ‘gﬂr‘?&pi 1322 Btgle?nvdméwaml@t hi ng,
the PN coding al SRCK at step 1324, 3 WK SestaBlise8 Caridattlé @rafiic@ibry afectii I8élANt t O

J amm ng flroom all The timeout is preferably the maximum time period required for R2
912 to scan for a pulse from T1 904 over the entire modulo of the dither
code. For a 256 bit code, and a fairly small code dither of 10 ns a timeout
can take up to 20 seconds. Timeout is only done for an initial Jock. A
timeout is not needed if the transceivers switch codes or delay values.

15 Because of the simplicity in implementation of the pulse interleave technique,
pulse interleave full duplex is very economical for many communication
applications, such as telemetry and transponder-type systems. Inthe preferred
embodiment, the receiver can stay on so that a cold start is not necessary.

As discussed above, the mobile environment presents unique contention

20 zone problems. Therefore, the following embodiments deal with the mobile
environment explicitly, and are specifically directed at providing immunity to
dead or contention zone problems.

One embodiment of the present invention directed to these problems
is a burst interleave method. According to the burst interleave method, there

25 is no contention at all. The burst interleave method is shown in a flow
diagram in FIG. 14. T1 904 starts the process by transmitting a burst (see
step 1402), which, for example, could be 10 microseconds in length. In an
exemplary embodiment, each burst contains 20 pulses at a 2 megapulse per
second rate, or 50 pulses at a S megapulse rate. This first transmitted burst



25 communi cati ons systens, including other inpulse radio

transmtters. This is critical as any other signals within the
band-occupi ed by an i npulse-signal act as a jammer to the

i mpul se radio. Since there are no unallocated 1 + GHz

- 15- bands avail able for inpul se systens, they nust share
spectrumw th %3@6?3“62 conventional and inpul se radi egrsbdiRyis

bei ng adversely affected. The PN code hel ps i npul se systens

di scrim nate between the intended inpul se 2 transm ssi on and
transm ssions fromothers. 5 4% FIG 5 illustrates the result
of a narrowband sinusoi dal | (interference) signal 502
overlaying an inpul se radio signal 504. At the i mpul se radio

receiver, the inpgretedvedty K PIDRIeP] Edtadi Ahoukdbf Gmé Padstidiie td'plopagation

narrowband signal 502, as well as the received ultraw de-band i1 npul se radio

signal 504. Wt hodelapii-eodangs, dalayd aad soanning delay O RAUME dseeatiph d40he 10
Lase © Ol SORallcdbe (epehiB Bldbolt )3 HickoBond Bk IS GBS, [,
However, when t he$,200 feet) or aboutt ongrfooti per mandseqomiise signal is encoded with
the PN codg dither (and §0€.3 of this received burst, R2 acquires lock (see step 1406) and
then T2 910 transmits its burst containing information modulation (at step
1408), and after the same range delay, R1 scans for detection (step 1410) and
acquires lock (step 1412). If the timing between the bursts is sufficient, then
under no circumstance(s) of position or range between the transceivers do the
10 bursts collide. The criterion is that the delay between bursts be sufficient 1o
accommodate the round trip delay and burst width. In practice, the burst
should be as far away as possible before using up all the margin of receive
time in this receiver before it will be required to transmit again. The
transceivers then swap acquisition messages, as shown at steps 1414, 1416,
15 1418 and 1420, to complete the locking process.

A further embodiment of the present invention uses code division
multiple access (CDMA) for achieving full duplex communication in an
ultrawide band impulse radio system. In this variation T1 904 and T2 910 are
operated with different time dither codes, with dither windows nearly

20 equalling the full frame so that each successive pulse can appear anywhere
within the period separating the pulses. (The dither window is the period
within which a monocycle can occur when position modulated by a dither
code.} T1 904 and T2 910 can even use the same dither code because a time
delay between them permits decorrelation. Typically, however, they would

25 be operated on different time dither codes.

In this embodiment, T1 904 generates a blanking pulse that prevents
receiving any energy within a certain amount of time after transmission, for
example, 10 ns. This aliows the antennas in the local environment to ring
down or dampen energy for opening the receiver for possible received pulse.



| mpul se radi o receiver is synchronized wth that identical PN code dither)
It sanples the jamm ng signals randomy. According to the
present—nventi on, 15— “~integrating ovef nmany pul ses negates the

I npact of jamm ng. In statistical terns, the
pseudo-random zation in time of the receive roc S a
stream of rarW@A¥3A46] st ri buted val ues with a nean of zerg ﬁé-fmﬁ%ﬂﬁiﬁ(f
jamm ng signals). Therefore, to elimnate the inpact of jamrers all that

is necessary is to sanple over enough put¥es (i.e., integrate over a
sufficiently 20 | arge nunber of pulses) to drive the inpact of the
jamm ng signals to zero. G Prcessing Gain

| mpul se radio is_jamresistant kts i L. For
spread spectrum § ?’@H’é’,e't%@ﬁ egf@;&?ghé)éf k%‘rcgléfgfsg‘?ﬂ%gnggﬁ% %\igl cﬁ )
quantifies with a periddeofi200 angwhich is Menrepbtitiont ratef off 5megapiisss parde- band
communi cations are 25 use |

d Js,t .ati o t he bandwi dth of the
channel to the bsasand)dprrdgeesiarycle of 1 mi&(“ei’rﬂ'%fmt i on signal. For
exanmpl e, a direct seq ﬁ-ﬁ‘d@pﬂ\ﬁé BRIAARE e ranyhitRdpulse emitted is, hovever,a 10 kHz
I nformati on bandw dt h“% a 16 Mc-tl"zq chaihnel bandw dt h yj e] ds

processi iy gai n nét émidely effegrived BThesgiewtill sufficieny eperey ringmg dovy Hythgai ns :
environment and in the antenna that may cause significant self-interference.
Statistically, pulses can align themselves perfectly in only about 1 in 400
pulses. The blanking window of 10 ns increases the probability of a received
pulse being within that blanking window, up to 1%. A 1% probability means
10 that 1% of the energy is thrown away by the receiver. A loss of only 1% of
transmitted energy is a very small penalty to exact to aliow for a full duplex .
operation. This 1% reduction likely unmeasurable.
A still further embodiment is frequency division multiple access
(FDMA), where the word "frequency” stands for pulse repetition frequency,
15 which distinguishes this term from that used in continuous wave FM systems.
FIG. 15 shows exemplary pulses for this embodiment, in which T1 904 is
operated for example, at 1 megapulse per second (represented by microsecond
pulses 1502 (numbers 1, 2, 3, 4, 5, 6 and 50 on). Assuming T2 910 is
operating on, about 0.85 microseconds per period (see pulses 1504), after six
20 pulses the two will come into alignment and be approximately settled. But
after that time, however, all of the pulses miss. Therefore, if the timed
coding is confined to a relatively narrow window (say 4 ns, which is used for
a 2 gigahertz center frequency system) then no matter what the placement of
the two transceivers relative to each other, only one in six pulses will collide
25 with each other. In practice, the repetition rate difference between the two
would be such that only one in a hundred would cause a collision 1506. That
one in a hundred can be blanked out (similar to the preceding example), which
would again cause a 1% in reduction in power available to the receiver.



-16- are achieved wth inpulse radio systens where, for the -
same 10 kHz I nformati on bandwi dth and a 2 GHz channel

bandw dt h, the processi hg—gai—— s 200,000 or 53 dB.

The duty cycle (e.g., of 0.5% vyields a process gain of 28.3 dB. (The 5
process gain is generally the ratio of the bandwi dth of a received signal
to the wo s¢BasW dt h of the received information signabcyusddsne21?

ef fective oversanpling fromintegrating over multiple pulses to .
recover the information (e.g., ‘i'4r_1t egrating over 200 pul ses)
yields a process gain of 28.3 dB. Thus, a 2 Giz divided by a 10
nmpps link transmtting 50 kilobits per second (kbps) 10 woul d have a
process gain of 49 dB, (i.e., 0.5 ns pulse width divided by a

100 ns pul se repetiti orBlankirg ¢ad bevimplembmed irimamp Wagkit Pescrett dogiaiogh 8O npps
di vi ded by a 50, 000:8%(? woul.d h ve 200

pul ses per bJ {,
H.  Capacity determine whe “isﬁf g‘ﬁl&f@&‘g" diflerent ol se

radi o systens can bﬂ!@re%ﬁmon rates w1lIﬁW&50&ﬁrﬁéelcﬁﬁe ah@nee IRerféténceas | . To
under stand the capacity of i mpul se radio s?/stem one nust

careful ly exanine %Y@%&Yfﬁ%ﬁgfe”’lﬁfdt%mﬁgéfs@mk (for example).correl ator. FIG
6 shows th% Ccross cor r'gl}‘ue 01? ﬁu&gt 91@ ofatﬂg -ad Jﬂm?cs of the

represents t he out put v an |rrpu se ra I O receiver oSS CO glator
for aninteyleading lembedxmsdt pudisss. 100% avdilabitityaofctie aangdiner. t'Ilihe Cross

cross correlation Rt plbuiten’ SRS P PuaBioR o b Bl S 1G4 oo
t hrough the w ndowsighiticant frastioncar thiecdrrismifttingieyold. The disadvantage beitigi St thd t 1S
At Tts mexi MIm (€. g e avevage Of tahamitied power- the pulde"power’ has 10 be thet mich
10 higher to make up for it. The duty cycle in the first example was on the order
of 33%. Therefore the pulse power (i.e., the instantaneous puise power),
would have to be 66% larger. This last embodiment shares the advantages of
pulse interleave--100% availability of the carrier--but it is never turned off on
transmit. On receiving however, the periodic self-interference is taken care
15 of by blanking, as in the previous example, reducing the received power
availability by only 1%, a perfectly acceptable number.

The method used to provide for isolation between a transmitter and a
receiver for a full duplex impulse radio link is different than for conventional
radios because conventional radios operate using continuous wave carrier

20 frequencies. These carrier frequencies can be very narrow-band and as such,
frequency domain techniques can be used to isolate the transmitter from the
receiver in the same view. Low pass filters can be used on the transmitter to
prevent spurious energy from getting into a receiver, which is operated at a
slightly higher frequency. Conversely, a high pass filter is used to eliminate

25 power from the transmitter from getting into the receiver. This conventional
filtering, however, cannot effectively be applied to impulse radio systems
because the transmitter and receiver use the same pulse with monocycle.

The operating characteristics of an impulse radio system therefore
require a different isolation/filtering approach. This can best be illustrated by



center of the wi ndow (as shown at 610), O volts when centered in the w ndow

(as shown at 612); and at its mninum(e.g., -1 volt) when it is [err]/4
after—t he 25 Tenter {(not—shown). VWen T he
receiving systemis synchronized with the intended transmtter,
the cross correlator's output has a swing of between 1 volt éas

a function of MHeB3#M6Ansnitter's nodul ation). Other in-band tr 9806241,
woul d WO 96/ 34462

PCT/ US96/ 06217 <25- -17-

cause a variance to the cross correlator's output value. This variance is a
random vari abl e and can be nDdeIIed as a Gaussian white noise signal wth
a nmean value of 0. As the nu&b | mer f rers hﬁ reases, 1he varlance

i ncreases | i near WY Shyxampley %‘5‘%‘?5 Femsgr S 4%
receiver 5 showh! SY FICPP%. 3 | &%tméﬁwcwisozhﬁshnawmhé&si coﬁteﬂﬂﬁhd s
nodul ati on val ue. emat i cal
Vari ece of the Estshomeromenasyele 1604 has a higher center frequency. Although these two
pulses differ in center frequency by nearly 3 to I, they still significantly
5 overlap. Therefore, even in this case a filter can be used to provide some
isolation between a transmitter and a receiver, operating at one center
frequency (fep) on the uplink and different cemter frequency (f) on the
downlink. In this embodiment contention is completely eliminated by the fact

that different center frequencies are used in operation.

10 A. The Impact of the Width of the Dither Window on System
Performance

As note above, the dither window is the period within which a
monocycle can occur as positioned by a dither code. In the above examples,
the dither window is 5 ns wide. Each dither window is separated by 200 ns.

15 Thus, a subsequent monocycle can occur anywhere within the next dither
window, and at 2 minimum, 200 ns later. The concentration of pulses in a
relatively narrow time zone in each frame, where a frame is the nominal
interpulse interval, contributes to increased interference with conventional
services, as well as increased interference with like transceivers. The

20 increased interference is an undesirable consequence of the difficulty of
making wider dither windows. The difficulty lies in the fact that long time
delays are difficult to make with low jitter. Because this is a coherent
communication scheme, low jitter is important for efficient conversion of a
pulse and for good signal-to-noise ratio at low RF power levels.

25 The pulse interleave method, burst interleave method, and the pulse
repetition rate multiple access techniques are all three consequences of this
concentration of energy in a small time zone. As this window is widened, the
constraints are less on the system until at a limit, a whole frame can be a



Where N = nunber of interferers, [err] is the
variance of all the interferers to a single cross

correlation, and 10 Z is the nunber of pul ses over
whi ch the receiver integrates to recover the
nodul ati on. This is a good rel ationship for a

connuni cat i onwosssgasasy, for as the nunber of si NmUPCERS9OOE2ITISEr S
i ncreases, the link quality degrades gradually (rathr than
suddenl y) . 15 1. Mil t4gpat h and Propagation

Mul tipath fading, the bane of sinusoidal systens. is nuch less of a
problem (i.e., orders of magnitude |ess) for inpulse systens than for
conventional radio systens. In fact, Rayleigh fading, so noticeable in
cel lul ar target forongaim given moneeycle £1.e. mon200msaveragemudseritenopuiseon, not

an inmpul se 20 ' I . . . . In an
I mpul se radio syg?% @%ﬂﬁ%@%ﬁgﬁg% rl._g)g gﬁ%eﬁhl%?ﬂ(ﬁ’ aelme(gg{f-smne

speci al condi ti oerwees titker rwinddws iFidesitablet he path | ength travel ed by the
scattered

| se, must, be |ess, than t | sei's wdth tines the
speed of |ight. Sec_on!f? the pulse mterlea\.te,iaﬁréb@gegﬁgv& %ﬁ#ﬂ"@ﬁ%ﬁﬂ%&“ B the
transmtter may kdiiple stbess NRCKBGRS,Y Me AistihdtRnZbetween all BREE tfpedCof
negl ecting the decorrelation benefits of tine coding. |
interleaves disappears at the full frame. They are indistinguishable from one
another. This is because once the structure as removed by full frame dither,
further shuffling cannot make it any more random. In addition, interleaving

will not work when there are no quiet gaps.
10 1V.  Exemplary Transceiver Hardware

A. Transmitter °
A preferred embodiment of an impulse radio transmitter 904 or 910 of
an impulse radio communication system will now be described with reference
to FIG. 17.
15 The transmitter 1700 comprises a time base 1702 that generates a
periodic timing signal 1704, which is provided to a time delay modulator
1706. The time delay modulator 1706 modulates the periodic timing signal
1704 with an information signal 1708 from an information source, to generate
a modulated timing signal 1710. The modulated timing signal 1710 is
20 provided 10 a code time modulator 1712 that dithers the modulated timing
signal 1710 using a pseudo noise code. The code time modulator 1712
outputs a2 modulated, coded timing signal 1714 to an output stage 1716. The
output stage 1716 uses the modulated, coded timing signal 1714 as a trigger
to generate electrical monocycle pulses (not shown). The electrical monocycle
25 pulses are sent to a transmit antenna 1718 via a transmission line 1720
coupled thereto. The electrical rhonocycle pulses are converted into
propagating electromagnetic pulses 1722 by the transmit antenna 1718. A



- 18- For the fornmer (with a one nanosecond pul se),
that equals 0.3 neters or about 1 foot (i.e., 1 ns X
3007000, 000 neters7second). (see FIG 7, inThe case where the
pul se traveling "Path 1" arrives one half a pulse wdth after the

di rect path pul se. 5 For the latter (wit\r/\P pulse
per second sy¥@&446% hat woul d be equal to tra é?Vﬁggéﬁﬁextra
300, 600, 900, etc. neters. However, because each individual
pul se is subject to the pseudo-random di@Rer, these pul ses are

decorrel at ed. Pul ses traveling between these intervals
do not cause self-interference 10 (in FIG 7, this is illustrated

by the pul se trayel. ng Pat Ve . A I i ng
grazi ng paths, a‘éuﬁ“ﬁl %@PXP%‘Q’F HE@'\% lﬁ{?“%g%ﬁ(gﬁﬁgsrnrngcv\%sl% lne‘:Hdl pslg;‘@%
create inpul se rgyi gpplichtiorRat h ef f ect s. As illustrated

in FIG 8 at 802, if the nmultipath pulse travels one half
width of a pulse width further, it increases the power |evel of the

received 15 Bl ONRecbive phase of the nultipath pulse will be
inverted by the reflecting ) surf ace) . If.the"gulse travel s | ess
than one hal f a pul seAmimmiisefradiotreceiver 1704 will now described with gpfgeenee to

e 1'nter ce w occur 1 e multipath puqule travel s
between 0 and 15comprisés ametefrei antenes 1726 for receiving a propagated impulse radio

signal 1724. A received signal is input to a cross correlator 1728 via a

N e st

receiver transmission line 1730, coupled to the receive antenna 1726.
The receiver 1701 also comprises a decode timing modulator/decode
10 source 1732 and an adjustable time base 1734. (The adjustable time base
1734 can comprise a voltage controlled oscillator or a variable delay
generator, as would be apparent to a person skilled in the art.) The decode
timing modulator/decode source 1732 (hereafter called the decode timing
modulator) generates a decode signal 1736 corresponding to the PN code used
15 by the associated impulse radio transmitter (not shown) that transmitted the
propagated signal 1724. The adjustable time base 1734 generates a periodic
timing signal 1738 that comprises a train of template signal pulses having
waveforms substantially equivalent to each pulse of the received signal 1724.
The detection process performed by the cross correlator 1728
20 comprises a cross correlation operation of the received signal 1724 with the
decode signal 1736. Integration over time of the cross correlation generates
a baseband signal 1740. The baseband signal 1740 is demodulated by a
demodulator 1742 to yield a demodulated information (signal) 1744. The
demodulated information signal 1744 is substantially identical to the
25 information signal of the transmitter that sent the received signal 1724.
The baseband signal 1740 is also input to a lowpass filter 1746, The
lowpass filter 1746 generates an error signal 1748 for an acquisition and lock
controller 1750 to provide minor phase adjustments to the adjustable time base



20 Tests of inpulse radio systens (including inpulse radar
tests) suggest that nultipath will not present any major

probl ens in actual operat+efAr——m0—0 Addi tienally, shorter pul se

wi dt hs are al so envi sioned, which will futher reduce the

probability of destructive interference (because the reflected path

| ength requiregpedgradéestructive interference wll

[11. Full Duplex

for Inmpul se Radi o Comuni cati on Systens

A representative bl ock diagramof a full ol ex i nmpul se radio

comruni cati on systemis shown in FIG 9. A

conprises a transmtter (T1l) 904 and a receiver (Rl) 906. A second

transcei ver (B) 908 conprises a transmtter (T2) 910

and a receiver (RZ)?BQlTA detailed description ofT e inipudseradip \reseivep iinelnded3ther e

8’23 hon medi um 914, such as air, space,
F A6 at i ng ul t rawi de- band si gnal s.
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separated by a prq
ot her nedi um cabl e

Transmitted inpul se ragE. I89RaK Srddddeiver Aegatimgiahi Gsi0thet brst interleave

10

15

20

25

embodiment of the present invention. A transmitter burst controller 1802 and
a receiver burst controller 1804 are added to the basic architecture of the
transceiver of FIG. 17. These two controllers are state machines that can be
hardwired or programmably controlled (using EEPROMS, or the like) to time
position the modulated, coded timing signal 1714 and to time modulate the
periodic timing signal 1738, respectively, in accordance with the burst
interleave operation described above.

The delay required for the pulse interleave embodiment of the present
invention is determined and provided by the acquisition and lock controller
1750. Similarly, for the other embodiments, the pulse repetition rate, dither
window and are hardwired or programmably controlled into the burst
controllers 1802,1804 and the acquisition and lock controller 1750, for
example. Other control features and modifications to the disclosed transceiver
components/controllers would be apparent to a person skilled in the relevant
art without departing from the scope of the present invention.

C. Time Hand-off

For the pulse interleave embodinient, each receiver must measure the
time between the reception of a pulse from another transceiver and the trigger
to its own transmitter (this which can be accomplished with conventional
circuitry). When one transceiver detects that this time is below a minimum
limit (e.g., 20 ns), it notifies the other transceiver to synchronously change
its receive timing (and the first transceiver will change its transmit timing) at,
for example, the first pulse of the second code modulo from now. Where
"now” is a point in time determined by the first transceiver as a reference

be short enep@Tsssdée17

“irst transceiver (A) 902

or



S propagati on nedi um 914 between T1 904 and R2 912, and between T2
910 and R1 906. The purpose for full

duplex Transmission i an uliraw de band i npul se radio system
is to provide two-way transmttal of information simlar to

t el ephony, as opposed to a wal kie-talkie (i.e., a put-to-tal KW 7
operation). WO 9634462 Since ultraw de band signals utilize %i .
el ectromagneti c spectrum or at | east a very large part of it,
it is necessary to use sone techni que ot R29- t han frequency
domai n dupl exi ng. which is the conventional nethod. The

i nventors have therefore devel oped a puI se interleaving technique for full
dupl ex i npul se radj o, cqonmupi cati ons W th

. |
reference to FI GP°‘PB‘“ time; déﬁf’%m%ﬁ?"éei“%é%a%“ wransceivél (O%Q%ES train

of nodul ated pul g6 the' seEctid tRinsddiveP for Wthfbnixatiéh.t 0 recei ve
pul ses 1004 transmtte fromtransmtter T2 910 durinp tue {1, Bl.?rIOdS

bet ween the pul ses 10@*St‘$m$§lmathe§%¥‘swl¢9ughﬁ‘S“Ot90551 1o "tag” i

conplication wt kﬁm nfake bR modRRré@long O
ranges between tlligiﬁggm&st@ rec pa| 'hu%ber Eﬁ‘ ) transcelo\l}gr 1 and
transcei ver 2), iehoughl to dneodeeatdsaxaloye fwdoleobits apd thate;hmfm camseryepssai t and

L1 amsi ssi on and TRREE 40k Countt of SRS alior SHEY B erdes Pl tiER e

range in the recqukerchtaid Qidclf N &plp Rl ddrsect time dither to the ddoderyahiss t hat
at certain discrete |ocations, determ_.ned b?/ th%Pgul petition

2
rate, it will be meshads$anyindgectly, ddentify nadiy % féﬁs t PUIRESS é’?el ve

si mul t aneousl y. éi\‘ﬁp&% FIG 11, pulses 1102 transmtted by T1904 and
pul ses 1104 tran tte y T2 910 pass exactly on top of each other at

posi ti ont0cal | ed cont Ghisiprocesowilk be Tepeated wny timg shey minimupktige sengeation
content f on drtocse € VRN HAHRRD <69 4.6 oGl ok By W0 5 Even 1

one or both tran%
MPPS rate for example.

A mechanism to accomplish the synchronization and locking for
operation of pulse interleave can be discrete logic, but can be readily
15 implemented by a digital signal processor (DSP) with minimal programming
that would be apparent to a person skilled in the relevant art based on this
disclosure of the pulse interleave functionality.
FIG. 19 shows an exemplary block diagram of a transceiver

implemented using a DSP for synchronizing pulse interleaving, according to
20 a preferred embodiment of the present invention. This figure shows on
enough detail of a transceiver to describe the synchronization. A DSP 1902
is used to determine whether the transmitter trigger signal 1904 is too close
to the receiver trigger signal 1906, using a block 1908, labeled "measure time
difference.” The DSP 1902 delays the transmitter trigger signal 1904 by 100
25 ns (for example) by sending a delay control signal 1910 o a delay block 1912
to outputs a delayed trigger signal 1914, which is provided to the transmitter.
The DSP 1902 also outputs massaging information 1916 to be modulated with
the data to accomplish the synchronization with the other transceiver. A



- 20- are nobile, as they nove with respect to each other,
they will still create contention zones.

According to an enbodinent of the present inventign, Tl 904 is set to

emt each pul se 1202 10 nanoseconds (ns) after RL 906 receives a pul se 1204
5 from12 910. This transmt delay is depicted in FIG 12. This
reduces wo osnqaat erference between the transmtter and teggassggriser
at transceiver 1, for exanple. If T1 904 transmits after it
receives a pul se, those pul ses cannot interfere. Since T1 904
has waited for over a whole period (one pé%q‘od S about 5 ns)
before transmtting, nost of the noise fromthe previous pul se has 10

di ed down before the current pulse is transmtted. However, sone contention

zones 1206 wi || shhdldg-soxdigital pRIDYBAVeTRE id mmrmsm the€duse the DSP need to
The easiest way to reso]ve these contention 1206 is to permt the
first transceiver PrASeHAbRCmassoRoTelal °’0?“t3‘59“ﬁ¥(}§ gfmaBy ns of del ay before

transmtting after reCF!G“Z%h@wE"&'ﬁ&v d-EEhh HETRVSSP b tidi'lttﬁr jkﬁ?a at
poi nt 15 1208 for exanP pushing (position in tine ul se
I

1210 up to point delap for pulse inte eavas‘ocqrwaumm@nselﬁomm eoltegtarh @ @woi ded.
In addition, 1t 1 g haBOLA 30duifelobiETBOIOGE dblifibed Bbdtk! 1F3%iRe (fBGReBh SE 1S

transmitted pulse and a received pulse is less than 20 ns, as shown at a
decisional block 2006, a 100 ns delay is negotiated between the two
transceivers at 2008. This is termed a negotiation, since either transceiver can
perform the necessary delay. The negotiation is carried out via massaging

10 1916. If lock is lost, as determined by decisional block 2010, acquisition
must be repeated, as shown at 2012.

D.  Differential Rate Duplex
In the pulse repetition rate embodiment, if the transmitter and receiver
comprising a transceiver are operated at two different rates, then it is not
15 possible to "interleave” the pulses, since they "beat” with each other (i.e., the
timing of the pulse trains will periodically cause the transmitted and received
pulses to periodically coincide).
A mechanism similar to the detector described above can be used to
detect the minimum pulse separation condition. However, this signal will be
20 employed in a different way: either to blank the trigger to the correlator or
to the transmitter. Either response will have the desired result of preventing
self interference, but they have different tradeoffs in a communications
system.
If the transmitter is blanked, it will reduce the transmitted power and
25 interfere with the carrier which would be received by another transceiver, due
to the gaps in the carrier which result from the blanking action. However. it
increases the received power to the first transceiver, since it will not have 10



also time dither coded as descri bed above. They are shown here as un-tine
dither coded for sinplicity. Thus, tinme dither coding further serves to
renove 20 The interftace 1208. e STepsS requi red
in signal acquisition for pulse interleaving are shown in a
flow diagramin FIG 13. In operation, TI 904 woul d begin

transmitting WO as shown at a step 1302. R2 912 scansTFEPSYWMEL: ;i on
and acquires lock through its scanning nmechanism (see step 1304). Once it

25 acquires lock (see step 1306), 43ts acconpanying transmtter (T2
910) can begin transmtting, as shown at a step 1308. R1906
then scans for detection, at step 1310. If Rl 906 happens to be
in a contention zone, t he eve uire, | ock to T2910.
Therefore, at th e kfﬂw%urnﬁgpnmtmmmum%epm%

acknow edge Wessaa%tﬂmmif%é)meﬁémmmwws&aw T1 904

-21- before it knows whether to use the 10 ns or the 100 ns
transmtter receive timng delay. If it never receives, or
after a certain tinme does not receive the ACK that Rl 906 has

acquired T2 910, then T2 910 times-out and shifts its
V. Other Considerations

The communications methods described here have been observed to be
5 usable not only using radio (electromagnetic) impulsive waveforms, but also
may use acoustic signals. The principle differences in the latter approach are:
(1) frequency of operation and (2) signal transmission.
The frequency of operation is primarily between a few tens of Hertz
(e.g., pulses of a duration of several tens of milliseconds), up to a few
10 hundred Megahertz {e.g., pulses with durations of a few nanoseconds).
Acoustic transducers are employed in the acoustic approach rather than
the antennas, which are used for the radio approach. The signal
characteristics of the transducers are similar to the signal characteristics
required by the antennas used in the radio approach in that they must be
15 capable of transmitting and/or receiving waveforms with bandwidths of =
100% of the center frequency (without more than a few percent dispersion,
and with good conversion gain). Transducers may be made from a material
called Kynar Film supplied by Pennwalt Corporation in Valley Forge,
Pennsylvania. The geometry of a transducer made from this type as would
20 become apparent to a person skilled in the relevant art.



transmtted pulse timng by 100 ns, for exanple, and tries again. These

steps 5 are shown generally by a conditional |oop at steps 1312,
1314, 1316 and 1318 . Wiereupon if R2 912
does acquire lock (i.e.. receives an ACK from Tl 904 sent at

step 1320) as shown at step 1322, T2 910 will transmt a return
ACK at step 1334godidgeank i s established, and the transcei vers pafraisbépsOCk.

10 The tineout is preferably the maxinumtinme period
required for R2 912 to scan foa a pulse fromTl 904 over the
entire nodul o of the dither % For a 256 bit code, and a
fairly small code dither of 10 ns a ti neout can take up to 20
seconds. Timeout is only done for an initial |ock. A timeout is

not needed if the YK anUoakcligion sW tch codes or delay val ues. 15
Because of the sinplici .ini_ | enent.ati on f the pul se interl eave
t echni que, fes vayioys, FH‘S&‘%‘E“F’&I Hﬁ"ppgﬁgi‘ mv%ﬂ";?“e%ﬁo’i’ﬁeﬁal for

nmany comuni cat i Ofjescribed above, 1:sl§ﬂlﬁibe0tﬁ{dbﬁfb‘éd itk hBy Baire‘b@érﬁﬁ?@d’eﬁﬁéd ?@q
transponder-type systems. I'n" the preferred nbodi nmen he

recei ver can stay dexamplehand aotdisitption.or k will bn@ppan@%&mqns skilled in the

As di scussgd abov i t n 20
zone probl gms Thgrre}ee%%}geﬂp?’ﬁ{ %?ﬁ‘?“\é éhgﬁ%@enbo frae(ﬁpltds%ul aﬂufe ﬁ%ﬁ% E‘%}%bl | e
envi ronnent expli mﬂqatd@ndxnglfmmﬂespﬁuaEdécyMﬂMthn Fhus/thel pregent nruni ty

to dead or. co tiop zpne oble
enbodi ment of t he PYEILERS ?“ﬁ@ EB '""L Eﬁii{eh@gge-gysggpegngxemplary
is a burst interl embddiinodut ﬁmmﬂe aaiﬁea dnl}embacb@xuancatvﬁﬂ{ fheViellewing 0d,

there 25 is no contention at all. The burst interleave nethod is

shown in a flow claims and their gquiyalents; Aliritsd patent dacuments apg publicalians g ocess
by transmygting a fpbisrdve @ tion are inco mt%&%@reﬁﬂﬂzﬁefer%b‘:h for exanple,
could be 10 m crosecondg I'n el%t h. mc rpo exenpl ary enbodi nent,
each burst contains 20 pul ses at a 2 msgapul se per second rate,
or 50 pulses at a 5 nmegapul se rate. This first transmtted burst




-22- Is received by R2 912 after a certain amount of tinme

passes due to propagation delay (i.e., range delay) and

scanni ng deray by " RZ-9TZ (S€€ Step 14047 Range deTay
corresponds to about 5.2 mcroseconds per mle (approximtely

5,200 feet) or about one foot per nanosecond. 5 }ustésr}&z d of

this recei vedWO9sR#62 R2 acquires | ock (see step 1406) and hen
T2 910 transmts its burst containing information nodulation (at step

1408), and after the sane range delay, RB3scans for detection (step 1410)

and acquires lock (step 1412). If the timng between the bursts
Is sufficient, then under no circunstance(s) of position or
range between the trapscei versg do the 10 bursts collide. The
criterion is tha 2ﬁ@wn d§cen busts be sufficient to

accomodate the round trip delay and burst width. In practice, the burst
shoul d be as far away as possible before using up all the margin of receive

time in this recgiverAhehfguse tradiol rraheiver)uforedull odiplensuittawidgeband The
transceivers then swap acquisition nessages, as shown at steps 1414, 1416,

15 1418 eormymicasions, SOMPRMP&t ¢ t he | ocki ng process. o
A further enbodi nent gf inidiRe REAS Srahsrhitbi! thRBmit IMPuIS SRticTsigha ipates;
5 an impulse radio receiver to receive impulse radio signal pulses; and

means, associated with one of said impulse radio transmitter and said
impulse radio receiver, for synchronizing said transmission and said reception
of said impulse radio signal pulses for pulse interleaved communications to
avoid self-interference between said transmitted impulse radio signal pulses
10 and said received impulse radio signal pulses.

2. An impulse radio transceiver for full duplex ultrawide-band
communications, comprising: -
an impulse radio transmitter to transmit bursts of impulse radio signal
pulses;
15 an impulse radio receiver to receive bursts of impulse radio signal
pulses; and
means, associated with one of said impulse radio transmitter and said
impulse radio receiver, for synchronizing said transmission and said reception
of said bursts of impulse radio signal pulses for burst interleaved
20 communications to avoid interference between said transmitted bursts of
impulse radio signal pulses and said received bursts of impulse radio signals
pulses.
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mul ti ple access (CDMA) for achieving full duplex conmmunication in an
ul trawi de band inpu) se radio system In this variation T1 904 and T2 910

are operated with different tinme di fher codes, with dither
wi ndows nearly 20 equal ling the full franme so that each successive
pul se can appear anywhere Wi thin the period separﬁ&' ﬁk?ﬁ
pul ses. (The QWS ndow i s t he peri od W thin |crﬁg’a 7
nonocycl e can occur when position nodul ated by a dither code.)

T1 904 and T2 910 can even use the sanme cB4ther code because a tine
del ay between them permts decorrelation. Typically, however, they would 25
be operated on different tinme dither codes. In this

enbodi ment, T1 9Q4 gener nki se..t :

recei ving any engr gy %Igt ﬁlltnﬁageac}e&??)ah#}gcﬁow&ht f"o(gf l?'?li rr@ypg%ifglrl ‘?‘gﬁ'g#\]dssi on,
for exmnphieatich®, compribings al | ows the antennas in the | ocal
environnment to ring ) ..down .or danpen. ener ar. open| he
recei ver for possi bl e3% HRRUISe Jadip fangmitier (o transmit mpul&yraﬁxo sighh{ PUided of

-23- a iz ng@b@mﬁa&gl se width of 0.5 ns (or center frequency
of 2 gigahertz), with a period of 200 ns (which is the
repetiti oh rate of 5 aeiapisesradiopgeeiver to receive impulse radio signa pulses at a

second pulse repetition rate, wherein said second pulse repetition rate is
different than said first pulse repetition rate; and
means, associated with one of said impulse radio transmitter and said
impulse radio receiver, for synchronizing said transmission and said reception
10 of said impulse radio signal pulses to minimize interference between said
transmitted impulse radio signal pulses and said received impulse radio signal

pulses.

4. The transceiver according to claim 3, further comprising blanking
means for blanking selected pulses of said received or transmitted impulse
15 radio signal pulses to avoid interference.

s. A full duplex transmission between at least two impulse radio
transceivers, comprising the steps of:
a. providing a periodic timing signal at a first of the at least two
impulse radio transceivers;
20 b. modulating said periodic timing signal using an information
signal to output a coded timing signal;
c. time delay modulating said coded timing signal to output a
modulated, coded timing signal;
d. generating an impulse radio signal using said modulated, coded
25 timing signal;
€. transmitting said impulse radio signal to the other of the at least

two impulse radio transceivers;

L —
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second), produces a cycle of 1 in 400 (i.e., 0.25 %. A
bl anki ng pul se equalling the transmtted pulse emtted is, however, 5

not —entiTetryeff ecti ver—There=~rs—sti H~—suf f i cirenmt—energy ri ngi ngdowmr T

t he environment and in the antenna that nmay cause significant
self-interference. Statistically, pulses can align thensel ves
perfectly in Wosssa#sut 1 in 400 pul ses. The bl arfGIH$%RRHow of
10 ns increases the probability of a received pul se bei ng '

wi thin that blanking window, up to 1% A-3%0 probability neans 10
that 1 % of the energy is thrown away by the receiver. Aloss of only 1 %
of transmtted energy is a very small penalty to exact to allow

for a full duplex . operation., This 1% reduction |ikely
unneasur abl e. f. receIvin SN%S‘{"F“F‘P‘“F@H“PH ?e’@ﬁi?o%lﬂ At the OtheT of yency

di vision nultipl § o impulse radio tfafideMdrs; Where the word "frequency’
stands for pul sealregageﬁéﬁwonm}pr equency, 15 whi ch di stinguishes this

termfromthat used i@ corgdnemating and \eansmigtings ab the. other of the at leasftw 15

shows exenpl ary S I EQ Efrgoﬂhﬂgrﬂ”!! | ol '

operated for exa%‘g%rgpﬁl rreégez‘bu 'se per s (‘:ﬂosgna %rggwgs%%g%éodﬂ%y%e%rosecond
pul ses 192 (numpesmd 1, 2, 3, 4, 5, 6 and so on). Assumng T2 910 is
operating on, about 0,85 nicrgseconds per, perio see pul ses 150#@§§< after

si x 20 pul ses Phe tWBEARAE| SERSEE HRo? oY Ofs TR e fOf, BESS nat el y
settled. But interleaved conrh@icdtions bétivedh m@winfpuﬁh lradtd trahiReibéts $6S i ss.

Therefore, if the tinmed, coding is confined to a relatively
narrow wi ndow ( sayoid selfinterfarence jat eachaf thergt least two impulse radio trapyesivess: z cent er
frequency system) then no matter what the placenent of the two
transceivers relative to each other, only one in six pulses will collide 25
wi th each ot her. 61 n pAamethod fort full duplesttransmissiom between fableastawoldmpulsen t he

i off 1500, BBl g 1 2 uncr e ol ¢ cause @
(simlar to the precegli ng myvidinge) perivdicalining signal at a firstefithslarigat weause a 1
% in reduction i ?m;?u?s\gerradi%\/nqain!w%?\less;t o the receiver.
b. modulating said periedic timing signal using an information
signal to output a coded timing signal;
15 c. time delay modulating said coded timing signal to output a
modulated, coded timing signal;
d. generating impulse radio signals using said modulated, coded
timing signal;
e. transmitting said impulse radio signals as a burst to the other
20 of the at least two impulse radio transceivers;
f. receiving said transmitted burst at the other of the at least two
impulse radio transceivers;
g. generating and transmitting, at the other of the at least two
impulse radio transceivers, a further burst of impulse radio signals in response
25 to step f; and
h. repeating steps a-g in a synchronous manner for full duplex

\::c;z:l.eaved cimc at two impuise radio
BRI | ——
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- 24- Bl anki ng can be inplenented in many ways.

Descrete | ogic can be used to determ ne when received pul ses
and transmtted pul ses of two different . pulse repitition rates
will interfere or occur too close intime. Interference is

avoi ded by gating off one of the trigger signals (for exanple). 5

Thi s FDVA enbogq] g};”ﬁas sone of the advantages of the pul se perwsssnery

i nterl eaving e&%‘ggl ment, such as 100% avail ability of the transmmtter. The
pul se interl eaving enbodi nent requires the transmtter to be turned off for

a significant fraction at td6transmitti ng cycle. The
di sadvant age being, for the sane average of transmtted power,
t he pul se power has to be that nuch 10 hi gher to make up for it. The

duty cycle in thefirsh feigipfo? MR aumlex trlanssitY between at least tw® impu§é
Therefore the pul se power (i.e., the instantaneous pul se power),

woul d have to be ®@in trapsepivers, Tamprising thestaps @-nent shares the advant ages of
pul se interl eave 100% avai |_ghj. ki 4 Lar. g ot ur ned
of f on traagsm tpmé#‘% elo\ﬁér}gm%g\%\{éverqutt etp%lg#:?ggl c&{m&:

sel f -i nt er t er enceat sfitsakithe anleast 190 impulse radio thapsdeliveenki ng, as in the

revi ous exanpl e, redycing the. r.eceiyed .pawer . . . avallabillity b
gnl y 1% a{‘pgff ectly ceg lating, s3j rpeng&c timing signal using an information y oy

signal to output a coded timing signal;
c. time delay modulating said coded timing signal to output a
modulated, coded timing signal;
_ d. generating an impulse radio signal using said modulated, coded

10 timing signal;

e. transmitting said impuise radio signal to the other of the at least
two impulse radio transceivers;

f. receiving said transmitted impulse radio signal at the other of
the at least two impulse radio transceivers;

15 g generating and transmitting, at the other of the at least two
impulse radio transceivers, a further impulse radio signal at a second pulse
repetition rate, wherein said second pulse repetition rate is different than said
first pulse repetition rate; and

h. repeating steps a-g for full duplex communications between the

20 at two impulse radio transceivers.

8. The method according to claim 3, further comprising the step of
blanking selected pulses of said received or transmitted impulse radio signals
to avoid interference.

9. The transceiver according to claim 1, wherein said impulse radio signal

25 pulses are electromagnetic.

10.  The transceiver according to claim 1, wherein said impulse radio signal

puises are acoustic.
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The nethod used to provide for isolation between a transmtter and a
receiver for a full duplex inpulse radio link is different than for

conventiormal § radi os becalse conventional radi os operate using
continuous wave carrier 20 frequenci es. These carrier frequencies
can be very narrow band and as such, frequency qr%sgmszl?

techni ques cHO%84462ed to isolate the transnmitter fromthe

receiver in the sane view. Low pass filters can be used on the transmtter
to prevent spurious energy &3Bmgetting into a receiver, which
IS operated at a slightly higher frequency. Conversely, a high
pass filter is used to elimnate 25 power fromthe transmtter

fromgetting into the receiver. This conventiqgnal. ... . filtering,
however, cannot 1&f f edhe Famsgeiner agesfing (o aﬂn}%ﬁﬁ?%“?%‘mﬂe}’“ésﬁ&%?é‘mt‘
because the traﬁgﬁ'stgrgreleaﬁgmgﬁgghyer use the sanme pulse with nonocycle.
The operating characteristics of an inpul se radio systemtherefore
require a different isolation/filtering approach. This can best be

il lustrated by

i i laim 2, wherein said impulse radio signal
- 25- 12. w§§?“’ ex“é??p e?m*%o%%cyc es pul seps W th dlgfferent
center frequencipaikessre acoustic. shown in FIG 16. A long nonocycle 1602

has a | ow frequency content, and

5 13.  The transceiver according to claim 3, wherein said impulse radio signal

pulses are electromagnetic.

14.  The transceiver according to claim 4, wherein said impulse radio signal

pulses are acoustic.

15. The method according to claim 5, wherein said generating step
10 comprises generating electromagnetic impulse radio signal pulses.

16. The method according to claim 5, wherein said generating step
comprises generating acoustic impulse radio signal pulses.

17. The method according to claim 6, wherein said generating step
comprises generating electromagnetic impulse radio signal pulses.

15 18. The method according to claim 6, wherein said generating step
comprises generating acoustic impulse radio signal pulses.

19. The method according to claim 7, wherein said generating step
comprises generating electromagnetic impuise radio signal pulses.

20. The method according to claim 7, wherein said generating step

20 comprises generating acoustic impulse radio signal pulses.
R
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a shorter nonocycle 1604 has a hi gher center frequency. Although these two
pul ses differ in center frequency by nearly 3 to 1, they stil

si-gnif+cantty 5

be used to provide sone
receiver, operating at one center

upl i nk and dg{
In this enbodi nent co

§orfiligz center frequency (f[err]) on the
ntention is conpletely eliminated by the fact

overtap. Therefore,—even i mthis case afirtter——Ttan

i solation between a transmtter and a
frequency (f[err]) on the
PC!NHWWE@ﬁllnk

that different center frequencies are used in operation. 10
A The I npact of the Wdth of the D ther Wndow on System

Per f or mance
period within which a

dither code. In the above exa
wi de. Each dither windowis s
subsequent nonocycl e can occur &n
wi ndow, and at a m ninmum 200 rgd
relatively narrow tine zone in

i nterpul se interval
conventi onal

|l i ke transceivers. The 20 \_,
consequence of the difficult
The difficulty lies in the f
difficult to nmake with | ow |

conmuni cati on schene,

pul se and for good signal -t
The pul se interl eave nethod,
repetition rate nmultiple acces
this concentration
wi ndow i s wi dened, the

at alimt, a whole frane can be

As note bb¥e, the dither windowis the
nonocycl e can occur as positioned by a
g

e ary her windowis 5 ns
15 Thus, a
within the nexf dither

The concentrat}jon of pulses in a
h ffame, where a frape is the nom nal
fncreased interferfnce with

s well as increasefl in ference with

ifncreased interferente i n undesirabl e
maki ng wi fer dr Lher wi ndows.
t t¢fat long tinme | ays are

t Because this is a cpherese

s inportant for ef fi ti enleeonversion of a
rati at | ow RF power |evels. 25

i nt @l eave nethod, gand the pul se

jes are all three consequences of

gy in a small ti zone. As this

traints are les$ on the systemuntil

ol s
urs

L
w0
i
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- 26- target for a gain given nonocycle (i.e.. in a 200 ns

average pul se rate, a pul se can appear anywhere within that 200
nsy—rer—general i t y—sake—a—btt+ef off=—t+me —— bet weenm—drtther———-
w ndows i s desirable. In the pul se interleave, burst
i nterl eave, CDVA and the repetition rate 5 mul ti pl e access
t echni ques, W‘Ml nction between all these types of PCY/IUS96/06217
i nterl eaves disappears at the full frame. They are indistinguishable from
one another. This is because once the structure as renoved by
full franme dither, further sgyﬁging cannot meke it any nore
random |In addition, interleaving w Il not work when there are
no qui et gaps. 10 | V. i ver Har dwar e
A. Transm tter
(ma
2 oo
o =24
o g; (3.
=2
- &

A

AQ¥ANT

FIG.2A
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A preferred enbodi ment of an inpulse radio transmtter 904 or 910 of

an i npul se radi o communi cati on systemw ||l now be described wth reference
to FIG 17. 15 The transmtter 1700 conprises a time.base
1702 that generates a periodic timng signal 1704, which is
provided to a tine delay nodul at or 1706. The tine del ay
nodul at or 1706 nodul ates the periodic timng signal W th
an informati SYP¥¥MH 1708 froman information source, to gggg'ruggidaﬁ’

a nodul ated timng signal 1710. The nodul ated timng signal 1710 is 20
provided to a code tinme nodul ator 1712 that dithers the nodul ated tim ng
signal 1710 using a pseudo noise code. Th&tile tine nodul ator 1712

out puts a nodul ated, coded timng signal 1714 to an output stage 1716. The
out put stage 1716 uses the nodul ated, coded timng signal 1714 as a trigger
to generate electrical nonocycle pul ses (not shown). The el ectrical

nonocycl e 25 pul ses are sent to a transmt antenna 1718 via a
transm ssion line 1720 coupl ed thereto. The electrica
nonocycl e pul ses are converted into propagating el ectromagnetic
pul ses 1722 by the transmt antenna 1718. A
- 27- PRiwp
PRI Ave
PRI-p —
b1d
MODULATION
DITHER

FIG. 3

CODED SIGNAL
ENERGY ENERGY SPIKES

FREQUENCY

FIG. 4
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detail ed description of various inpulse radio transmtters is included in
t he ' 973 application. B. Recei ver

An impulse"Tadio recerver I70T~wl | mnmowdescribed-w th reference—to—>5
FIG 17. An inpulse radio receiver (hereafter called the receiver) 1701
conprises a receive antenna 1726 for receiving a propagated inpul se radio
signal 1724. Awooegsissrd signal is input to a cross correl at orPQI/EDNERT a
receiver transmssion line 1730, coupled g/9gthe receive antenna 1726.

The receiver 1701 al so conprises a decode tim ng nodul ator/ decgde 10

source 1732 and an adjustable tine q§se 1734. (Thg adj bl e ty ne base
1734 can conprise a voltage troII oscujlatoﬂﬂOr i abl ¢ del ay
generator, as would be appar to a pers |II i art.) The decode
ti m ng nodul at or/ decode sour 1732 here E; ca Ied decode timng
nodul at or) generates a decod 1736 t he PN code used
15 by the associ at ed uIs radr Lans ter not sh ) that
transmtted the pagat S|g 174 T justaple tine
base 1734 generates a peri odi n ig 738 that
conprises a train of tenplat i gnal puls haV| vef or ns
substantially equivalent to h pul®e of e re ve nal 24.

The detection process perforned by the cross correl ator @728 2

conprises a cross correl ati g& -oeratlon he recelved signal {1724 with

t he decode si gpal —+#36, -t hle cross
correl ati on generates a baseban S|gnal 174 The seband
signal 1740 is denodul ated by a dul at or yield a
denodul ated i nformation (srgear™™ 1727 bt erm’dul ed
information signal 1744 is suDStembially identical to the 25

informati on signal of the tegmSmtter that sent the received sijgnal 1724.

) ..____g_ka....qé?.—.-
= __q'z.-_gﬁz—- >E¢_p__'
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The baseband signal 1740 is also input to a |lowass filter 1746. The
| owpass filter 1746 generates an error signal 1748 for an acquisition and

| ock controller 1750 to_provide mnor phase adjustoents to the
adjustabl e tine base

- 28- 1734. A detailed description of an inpul se radio
receiver is included in the ' 973 application. 6106217

FIG 18 is awa%442i ver bl ock diagram for the burst interlggggﬁm

enbodi ment of the present invention. A transmtter burst controller 1802

and 5 a receiver burst controller 1804 are added to the basic
architecture of the transceiver of FIG 17. These two
controllers are state machi nes that can bB/16 hardwi red or

programuably controlled (using EEPROVS, or the like) to tine

position the nodul ated, coded timng signal 1714 and to tine nodul ate the
periodic timng signal 1738, respectivel$2in accordance with the burst 10
i nterl eave operation descri bed above. . The del ay required
for the pul se interl eave enbodi nent of téé%present

_A N
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invention is determi ned and provided by the acquisition and | ock controller
1750. Simlarly, for the other enbodi nents, the pulse repetition rate,

di ther wi ndow and are hardw red or progranmmably controlTéd into
t he burst 15 controllers 1802,1804 and the acquisition and | ock
controller 1750, for exanple. O her control features an

nodi fi cati onswWO86/344&2 di scl osed transggi ver mmsmgz“
conponent s/ controll ers would be apparent to a person skilled in the

rel evant art without departing fromthe scope of the present

i nvention. C. 'él/gg Hand- of f 20 For
the pulse interl eave enbodi nent, each ei ver nust neasure the

time between the reception of a pulse from another transceiver and the
trigger toits own trang@i tter (this which can be acconplished
W th conventi onal circuiggry). \Wen one transceiver detects that
this time is below a m ni num limt (e.g., ns), it notifies
the other transceiver to synchronously change 25 its receive timng
(and the first transceiver wll g e ifs tr mt tinfng) at,

for exanple, the first pulse ofg E d co nmodul e ¥rom now. \Were
"now' is a point in tine deter g@- e§ t transfkeiver as a
reference o

—

FIG.7

DIRECT PATH
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- 29- point in tinme that is communicated to the second

transcei ver (or otherw se inferred by the second transceiver)
for synchronization. Thi s_is _possi bl e because, although
it i's not possible to "tag" individual pul ses using nodul ati on
(since many pul ses make up a bit), nodulos are long 5 enough to

encode at | east one whole bit, and that therefore can serVvepepusssi6217
trigger for WR&BH¥Shti ng of whol e nodul os. Since the coder keeps track of
t he pul se "count” in order to apply the correct tinme dither to
te decoder, this met hod can indirectly identify individua

pul ses for the purpose of schyAgnization. 10

This process will be repeated any tinme the nimumtime separation

is detected, which happens every 54.86 neters (180 feet) of travel at a 5
MPPS rate for exanple. A mechani smto acconplish the
synchroni zati on and | ocking for operation of pulse interleave
can be discrete logic, but can be readily 15 i npl enented by a
digital signal processor (DSP) with m nimal programmng t hat
woul d be apparent to a person skilled in the relevant art based on this

di scl osure of the pulse interleave functionality. Fl G
19 shows an exenpl ary bl ock di agram of a transceiver

i npl enented using a DSP for synchronizing pul se interleaving, according to

20 a preferred enbodi nrent of the present invention. This figure
shows on enough detail of a transceiver to describe the
synchroni zation. A DSP 1902 is used to determ ne whether the
transmtter trigger signal 1904 is too close to the receiver
trigger signal 1906, using a block 1908, |abeled "neasure tine
difference." The DSP 1902 delays the transmtter trig ;qzb by 100
25 ns (for exanple) by sending a del tr F N’;\
del ay bl ock 1912 REFLE CTED %L% i

ARRIVES /2 PULSE 1/2 PULSE

WIDTH LATE WIDTH LATE

suriearh sienas . A A

SUPERIMPOSED

RESULTANT SUM ---==i-tf-tmm=== --——Jk-P-..---
804 "

802—

FIG. 8
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to outputs a delayed trigger signal 1914, which is provided to the

transmtter. The DSP 1902 al so out puts massagi ng i nformation
1916 to be nodul ated with the data to acconplish fhe

synchroni zation with the other transceiver. A

- 30- anal og-to-digital (A/D) converter is shown at 1918.
because the DEPW¥é4a2t o process the cross correPETEISIMNGTut in
the digital domain. FIG 20 shows a flow diagram of the
DSP operation to inplement a delay for pulse interleaved

comuni cations. Forma cold start 2002, th; {éma transcei vers
acquire |l ock 2004, as descri bed above. If l[ (t) between a.
transmtted pul se and a received pulse is less than 20 ns, as shown at a
deci si onal bl ock 2006, a 100 ns delay is negotiated between the two
transceivers at 2008. This is ternmed a negotiation, since either

transcei ver can performthe necessary delay. The negotiation is
carried out via nmassagi ng 10 1916. If lock is lost, as determ ned
by deci sional block 2010, acqui siti-Qn. Aust be repeated, as
shown at 2012. o~
=
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D. Differential Rate Dupl ex In the pul se repetition
rate enbodinent, if the transntitter and receiver conprising a
t ransceiver are oper ated—at—two- di fferent rates—then it ismot—i5—
possible to "interleave" the pul ses, since they "beat" with each other
(i.e., the timng of the pulse trains will periodically cause
the transm tww recei ved pul ses to periodi cRCTYSHHEIE de) .
A mechani sm ar to the detector described above can be used to

detect the m ninmum pul se separation condition. However, this signal wll be
20 enployed in a different way: either to blank the trigger to the
correl ator or to the tran@]{g er. Either response will have the
desired result of preventing self interference, but they have
different tradeoffs in a connunications system

If the transmtter is blanked, it wll ce the transmtted power and 25
interfere with the carrier mhlc

h mnuld ei ved by anotheﬁ transcei ver,
due to the gaps in the i er mh ch result fromthe bl anking
action. However. it es the ecei ved power fo the first

transcei ver, since it 1w|| not

)F16.10 -
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- 31- throw away the pul ses which occur within this m ni num

separati on w ndow as would be the case if the receiver is

bl anked—Tnstead— V. O hier COnsI derations

The conmuni cations net hods descri bed here have been observed to be 5
usabl e not only using radio (electromagnetic) inpulsive wave al so
may use acousyoessmenal s. The principle differences in the | rYe appr oach
are: (1) frequency of operation and (2) signal transm ssion

The frequency of operation is prinarilebdGmeen a fewtens of Hertz
(e.g.. pulses of a duration aqf .several nﬁggz mllise om O a few
10

hundred Megahert \, puls h dur, a few
cousticj transd ed in the
t he ennasy e used for
cha acterls |cs o

nanoseconds) .
acousti c approach r%gge
nal c act erd required

the radi o approach. Th

transducers are simlar

by the antennas used in the radio approach in that they nust be 15

capable of transmtting and/or receivigg:n@{egﬁrns wi th bandwi dths of [err]
100% of the center frequency (w thout *h a few percent dispersion,
and with good conversion gain). Transducers may be nmade froma materi al
call ed Kynar Film supplied by Pennwalt Corporation in Valley Forge,

Pennsyl vani a. The geonetry of a transducer made fromthis type as would 20
becone apparent to a person skilled in the relevant art.

1202 2® o %;2'2 908

{ 1 L {ysec)
"—y 2 3 4 8 6
| 5 5 ! | ;
A P
T2 ’ H./k ! lji:' L (ysec)
085 ™S04 1504 ;
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-32- VI . Concl usi on VWhi |l e vari ous

enbodi nents of the present invention have been descri bed above,
it shoul'd be under stood That~they havebeen—presented by way af
exanple, and not limtation. It will be apparent to persons skilled in the
5 rel evant art that various changes in formand detail can be nade
therein WO 96/34462Wi t hout departing fromthe spirit and segpasasoseire

i nvention. Thus the present inYﬁﬂ%ion should not be imted by

any of the above-described exenpl ary enbodi nents, but should be

cqui val ents. Al i ted paddih tmgh tL‘%E?L' and1oBEENS-TRAKSMITANG, ™~ " ||
above description are incorporat RS-
1304
N R1 SCANS FOR DETECTION
1306 *
N\ R2 ACQUIRES LOCK
— !
1308
N\ T2 BEGINS TRANSMITTING
R1 SCANS FOR DETECTION

1312

R1 ACQUIRES LOCK ?

1314 N _| 71 poeswT SEND AcouiSTON MESSAGE

{

1316 ~
— T2 TIMES OUT
FIG.13 i

T2 ADDS TO DELAY TO EACH TRANSMITTED

1318 ~ PULSE
1320 T
C TRANSCENVERS ARE IN LOCK ) T1 SENDS ACQUISITION MESSAGE

L |

T2 SENDS ACQUISITION MESSAGE | | R2 DECODES ACQUISITION MESSAGE

1 T
1322

1324
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What is clainmed is: 1. A nmethod for full duplex transm ssion between
at least two inpulse radio transceivers, conprising the steps of:

a. providing a periodic timng signal—at afirst ofthe atteast—two

i mpul se radi o transceivers; b. nodul ating said periodic timng
signal using an information signal to output a coded timng signal;

C. time dSYQ96/3#detul ati ng said coded timng signal to oupRCTASAERIIAL ed,
coded timng sigal; d. generating an inmpul se radi o signal using
sai d nodul ated, coded tim ng signal; 12H6 transnitting said

I npul se radio signal to the otfier—of the at reast two 1 nhpul'sq radio

transceivers; ~— T1 BEGINS TRANSMITTING

1402
!
~—1  R2 SCANS FOR DETECTION
1404
! |
A~ R2 ACQUIRES LOCK I
1406 |

¥

T2 BEGINS TRANSMITTING

Vam =
1408 *

~— R1 SCANS FOR DETECTION l
1410 B {

~— R1 ACQUIRES LOCK I
1412 i

" &-\_— T1 SENDS ACQUISITION MESSAGE

!

R2 DECODES ACQUISITION MESSAGE
1416 )

,~— 12 SENDS ACQUISIION MESSAGE
1418 {

~~— R1 DECODES ACQUISITION MESSAGE
1420

(TRANSCENERS ARE N LOCK)

FIG.14
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f. receiving said transmtted i nmpul se radio signal at the other of the at

| east two inpulse radio transceivers; g. generating and
t r ansm-ttng—at—the—ether—oef—t-he at—least twe—-Apul se r adi-e—transceivers,
a further inpulse radio signal in response to step f; and h.

repeating steps a-g in a synchronous manner for pulse I nterl eaved

comuni cat i ongo 9Bedageen the at two i npul se radi o transcei ver getdsodeird
self-interference at each of the at least two inpulse radio transceivers.:

2. The net hod according to claim1, wherein said generating step
conpri ses generating 34
el ectromagnetic inpul se radi o signal puIsE&(iG:& The met hod according to

tina
~J

claim1l1, wherein said generating st
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acoustic inpulse radio signal pul ses. 4. A nmethod for full duplex
transm ssi on between at | east two inpulse radio transceivers, conprising

the steps of: a. providing a periodic timng signhal T at a fiTst
of the at least two inpulse radio transceivers; b. nmodul ati ng
said periodic t| signal using an information signal to output coded
tim ng si gnal ;¥ 9"3“9‘ g ti mg del ay nodul ating gal d coded® &"ﬁﬁﬂ@‘% gnal
to output a modul at ed, coded timng si gnal d. generati ng

i mpul se radi o signals using said nodul at ed ded timng signal; e.
transmtting said inpulse radio signals a§4d’&Jrst to the other of the at

| east two inpulse radio transceivers; recel ving sai
transmtted burst at the other of the attieas U\D..J.nqam.s.e..r..ad.ln. ——=—n

\ uy
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transcei vers; g. genrating and transmtting, at the other of the
at least two inpulse radio transceivers, a further burst of inpulse radio
signals in response-to-step-fi—and h——+Fepeating steps—a=g T a
synr hronous manner for full duplex burst interleaved comunications
between the at |east two inpul se radio transceivers.
C L K S*Ewooesne PCI/US96/05317 5
The net hod according to claim4, wherein said generating step conprises
generati ng

15716
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el ectromagnetic inpul se radi o signal pulses. 6. The net hod according to
claim4, wherein said generating step conprises generating acoustic

i mpuise-radio sighial pul SES. 7. A nmefhod for full dupl ex transm ssi on’
bet ween at | east two inpul se radio transceivers, conprising the steps of:

a. providing a periodic timng signal of a first pul se r LL rate

at a first OVOOH3462 | east two i npul se radio transceivers;sﬁ%ﬁ%mﬁgﬂ5 .

nodul ating said periodic timng signal using an information signal to

output a coded timng signal; C. time delay nodul ating said
coded timng signal to output a nndulah d oded timng signal; d.
generating an inpulse radi o signal usi §‘% d nodul ated, coded tim ng

si gnal ; transmtting said inpulse radio S|gnal to the other

of the at | east tmo i mpul se r
t CoLD STARTJ’\}OM

ACQUISITION =

N\ 2012

NEGOTATE 100 18\ _ ;000

FI1G.20
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t rranscei ver.s, f. receiving saidgransmtted inpulse radio,_ .
signal at the other of the at |east two - inpulse radio %@E%MENT SHEET
g. . generating and transmitting, at thé3ot her of the at—1&ast taeod pulse
radio transceivers, a further inpulse radio signal at a second pukse
repetition rate, wherein said second pulse repetition rate is different

than said first pulse repetitiqn «ate; Vmtis claimed is: h. repeating steps

a-g for full duplex comruni cations between the at |east two

36 inpul se radio transceivers. 8. The met hod according to claim?7,

further gonprigsi %Bgﬂg ugﬁ%ﬂgsl ﬁﬂém %di %?9&%3 d with

sai d recgi ved %r rogﬁnﬁlte %rrpu seléggoﬁéegiggﬁg?g%’o V%I ?n ertrerence.
comprising the steps of:

a. providing a pertodic timing signal at a first of the at least twa impulse radio
transceivers;

b. modulating said periodic timing signal uﬁng an information signal w output a
coded timing signal;

c. time delay modulating said coded timing signal to output a modulated, coded
timing signal;

d.  generating an impulse radio signal using said modulated, coded timing signal;

e. transmitting said impulse radio signal to the other of the at least two impulse radio
transceivers;

f receiving said transmitted impulse radio signal at the other of the at least two
impulse radio transceivers;

g generating and transmitting, at the other of the at least two impulse radio
transcetvers, a further impulse radio signal in response to step f; and

h. repeating steps a-g in a synchronous manner for pulse interleaved communications

between the at two impulse radio transceivers to avoid self-interference at each of the at least two

impulse radio transceivers.

2. The method according to claim 1, wherein said generating step comprises generating

REPLACEMENT SHEET
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-8 *
9. " The net hod according to claim?7, wher éi n sai d generating ste
SRl m&HEET

conpri ses generating electronmagnetic inpulse radio si g% uﬂ*é‘s
Thee .met hod accordi,ng to claim?7, whereingssaid generatl n ep conpri ses

generati ng acoustic i npul se rad| o signal pul ses. A system for
perform ”Qleﬁﬂ&ha%ﬂkﬁﬁ ﬁlgeaﬁgggls gt ween at | east two I mpul se radio
transceivers % first means for providing a

periodi c timng,si tlr east .Lwo ulse radio
PFanecer v o, | The nibtibdsBtording i & Lémcmeaa gititng Sep FARRES e o o
nmodul ati ng sai d periodic timn S|gnal using an information signal to

out put a deenstic imphlseyadiogignal pulses. c. third means, coupled to said
second neans, for time delay nodul ati ng said coded

4, A method for full duplex transmission between at least two impulse radio transceivers,
comprising the steps of:
a. providing a periodic timing signal at a first of the at least two impulse radio
 transceivers; |
b. modulating said periodic timing signal using an information signal to output a
coded timing signal;

c. time delay modulating said coded timing signal to output 2 modulated, coded
timing signal;

d. generating impulse radio signals using said modulated, coded timing signal;

e transmitting said impulse radio signals as a burst to the other of the at least two

impulse radio transceivers;

f  receiving said transmitted burst at the other of the at lesst two impulse radio
transceivers;

g.  Eenerating and transmitting, at the othier of the at least two impulse radio
transceivers, a further burst of impulse radio signals in response to step f; and

h. repeating steps a-g in a synchronous manner for full duplex burst interleaved

communications between the at least two impulse radio transceivers.

REPLACEMENT SHEET
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timng signal io out put a nodul ated, coded #i ni ng signal ; . ‘ T G T
fourth nmeans, coupled to said third neans, for generati @%%EM@NE(§§EE
si-gnal using said nodul ated, coded timi 3§ signal; e. fifth

means, coupled to said fourth nmeans, for transmtting said impul se radio

37 signalgto .l east t.wo .hnpulse radio transceivers;

P S R e B Y neBbraindSo Baih N Therlif il FRMRe S o mpfi R Bt
transceivers, for receiving said transmtted inpulse radio signal; and

g. sevéﬁﬁ°ﬂé&ﬁ§?%@éﬂ:ﬂ%@éﬂﬂﬂﬁ‘ﬂ“§ai d sixth neans, for generating and
transmtting a further inpulse radio signal; wherein the at |east two

i mpul se radi o tThamstlddeecsrdingpe elaim 4, wheseih sad genetanidg sep emhprines @éneratingl Se
radio signals in a synchronous nmanner for pulse interleaved comunications

there bet wWRaRkidihpas radfd signalhtes er ence.

7. A method for full duplex transmission between at least two impulse radio transceivers,
comprising the steps of:

a, providing 2 periodic timing signal of a first pulse repetition rate at a first of the at
least two impulse radio transceivers;

b. modulating said periodic timing signal using an information signal to output a
coded timing signal;

c. time delay modulating said coded timing signal to output a modulated, coded
timing signal;

d. generating an impulse radio signal using said modulated, coded timing signal;

e transmitting said impulse radio signal to the other of the at least two impulse radio
transceivers;

f receiving said transmitted impulse radio signal at the other of the at least two
impulse radio transceivers;

g generating and transmitting, at the other of the at least two impulse radio
transceivers, a further impulse radio signal at a second pulse repetition rate, wherein said second
pulse repetition rate is different than said first pulse repetition rate; and

h. repeating steps a-g for full duplex communications between the at least two

- REPLACEMENT SHEET
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12+ The system according to claim 11, whefein said i rrput’sw QHEE-F

are el ectronmagnetic. 13. The systenlaccordlng

sai d inmpul se radio signals are acoustic.36 14, A systen1for perform ng
full dupl ex transm ssion between at |east two inpulse radio transceivers,
corrprlslnqm éﬁsenm irst means for providing a periodic timng

si gnal at ar ? | east two inpul'se radio transceivers;

b. second neans, coupled to said first means, for nodul ating said
periodic timng signal using an information- -signal to output a coded
timng signal; : third neans, coupled to said second neans, for
tine deIawlnndmﬂ&mmﬁbxhaxddngdedhunVﬁﬁuﬁxﬁﬂmngMngﬂmcu@pmbkmkm@dﬂéamﬁﬁms
coded tim ng signal; fourth nmeans, coupled to said third

means, f orofygsoeiafldivith éai@x‘él:ﬁ@ed «ﬁr‘i’x‘aﬁsxﬁth%%p’iﬂse radio signals to avoid interference.

9. The method according to claim 7, wherein said generating step comprises generating

electromagnetic impulse radio signal pulses.

10.  The method according to claim 7, whereix said generating step comprises generating

acoustic impulse radio signal pulses.

11. A system for performing full duplex transmission between at least two impulse radio
transceivers, comprising:

a. first means for providing a periodic timing signal at a first of the at least two
impulse radio transceivers;

b. second means, coupled to said first means, for modulating said periodic timing
signal using an information signal to output a coded timing signal;

c. third means, coupled to said second means, for tirﬁe deiay modulating said coded
timing signal to output a modulated, coded timing signal;

d fourth means, coupled to said third means, for generating an impulse radio signal
using said modulated, coded timing signal;

e fifth means, coupled to said fourth means, for transmitting said impulse radio

REPLACEMENT SHEST |
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using sai d modul ated, coded tining signal; #

e fifth means, coupled to'said fourth mﬁgplﬁ%\CgMﬁM§H&

38

1Y

¢

sdid i npul se radio signals as a burst t3 the other of the at |east two

i npul se radi o transceivers; f. si xth neans, at the other of the

at

bur st ;

gigﬁaimﬁqr&ﬁie%ieaﬁm%yﬂgémwmde%ﬁ& ving said transnitted
g.

sevent h ‘neans, associated with said sixth neans,

uheroin the at € eastBBe e tsal e of R N pilse it IssebOER T < on

and reception of inpulse radio signals in a synchronous manner for full

pre:
=3
=

dupl ex burseiviigsagt reemitediopusefadintsignal; ander e bet ween. 15. The system
according to claim 14, wherein said inmpulse radio signals are ,
el ectronagneti g. seventh means, associated with said sixth means, for generating and transmitting a

further impulse xadio signal; wherein the at least two impulse radio transceivers repeat
transmission and rece;')tion of impulse radio signals in a synchronous manner for pulse interleaved

communications there between without self-interference.

12.  The system according to claim 11, wherein said impulse radio signals are electromagnetic.

13.  The system according to claim 11, wherein said impulse radio signals are acoustic.

14, A system for performing full duplex transmission between at least two impulse radio
transceivers, comprising:

a. first means for providing a periodic timing signal at a first of the at least two
impulse radio transceivers;

b. second means, coupled to said first means, for modulating said periodic timing
signal using an information signal to output a coded timing signal;

c. third means, coupled to said second means, for time delay modulating said coded
timing signal to output 2 modulated, coded timing signal;

d. fourth means, coupled to said third means, for generating impulse radio signals

using said modulated, coded timing signal;
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16 The .syst'em according to claim14, wherein sai MEN)TﬁgéEI
are acoustic. 17. A System for performng full Pl ex transm ssion

bet ween at | east two inpulse radio transceivers, conprising: a.
fiTst means for providing a periodic tinBhg 'signal of a first pulse

repetition ratg at ﬁﬁhjﬂegﬁst cSlpiddt e t*ﬂkﬁaﬁ@n %gﬁl vers;
b. second neans, coup ed t sa?éﬁgf.rst%ﬁ%%%\gml or cﬁ:?ﬂt?ﬁ% sal
periodic ti n i formatlo Si t 0. out put a coded
timng si aﬁggqlsgs gm&q"ﬂ&e&h&g’fﬂﬁaﬁ HAme ] m H%P%s CENFYS second means, for
time delay nodulating said coded tinmng signal to output a nodul ated,
coded tim ng sfgnal sixth means, at the other pHithe aHieasbtwosimpylse transceiwdrs) foi rd

nmeans, for generating an inpul se radi o signal
receiving said transmitted burst; and

g seventh means, associated with said sixth means, for generating and transmitting a
forther burst of impulse radio signals; wherein the at least two impulse radio transceivers repeat
transmission and reception of impulse radio signals in a synchronous manner for full duplex burst

interleaved communications there between.
15.  The system according to claim 14, wherein said impulse radio signals are electromagnetic.
16.  The system according to claim 14, wherein said impulse radio signals are acoustic.

17. A System for performing full duplex transmission between at least two impulse radio
transceivers, comprising: .

a. first means for providing a periodic timing signal of a first pulse repetition rate at a
first of the at least two impulse radio transceivers;

b. second means, coupled to said first means, for modulating said periodic timing
signal using an information signal to output a coded timing signal;

c. third means, coupled to said second means, for time delay modulating said coded
timing signal to output a modulated, coded timing signal; - l

d. fourth means, coupled to said third meaus, for generating an impulse radio signal

REPLACEMENT SHEET
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ubsui:ng sai d modul ated, coded ti ni ng signal; *

coupl ed to said fourth neans, for transnggting said |mﬁégh§m§JasHEET
td the other of the at |east two i npulse radio trasceivers;

sixth nmeans, at the other of the at |east two inpul se radi 0 transcei vers

for rece se radi o signal; and g.

sevent h neluglhggmggﬂédgg%aw(;g%&%ﬁﬂl g’%ﬂhr xth nmeans, for generating and
transmtting, at t ot her _of e at, | east tvvo i mpul se radio transcei vers
a further inpufse r H‘%NQ‘I‘PI togaxdgj n&ém% “‘&H
said second pul se repetition rate is dlfferent than sai d fI.I’St puI se

repetiti ono thatother ofithe at leatt iveo abpdlsexadinahseiveragdi o transcei vers repeat
transm ssion and reception of inpulse radio signals for full duplex

communi cat i onsft her Mﬁh&ﬁerhtme otHe? of the FRast ¥Wwé BApuiseGadi6 kraflschivers) RE M 17,
further conprising neans for bl anki ng sel ected pul ses associated with said

recei ved %cefvﬁ:@%%@gxﬁemﬂxﬁﬁc fa%ﬂ) s?gx@l,%&l s to avoid interference.

g. seventh means, associated with said sixth means, for generating and transmitting,
at the other of the at least two impulse radio transceivers, a further impulse radio signal ata
second pulse repetition rate, wherein said second pulse repetition rate is different than said first
pulse repetition rate; wherein the at two impulse radio transceivers repeat transmission and

reception of impulse radio signals for full duplex communications there between.

18.  The system according to claim 17, further comprising means for blanking selected pulses

associated with said received or transmitted impulse radio signals to avoid interference,
19,  The system according to claim 18, wherein said impulse radio signals are electromagnetic.

20. The system according to claim 18, wherein szaid impulse radio signals.
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19. The system according to claim 18, wherein said inpulse radio ?ﬁg"ﬁfljsgn@‘

are el ectromagneati c. 20. The system according to claim 18, wherein
said—impul se radi o si-gmats:
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{87) Abstract

An impulse redio transceiver for full duplex ultrawide-band communications, The transceiver comprises an impulse radio transmitter
1 transmit impulse radio signal pulses, an impulse radio receiver to receive impulse mdio signal pulses, and means, associated with either or
both of the impulse radio transmitter and the impulse radio receiver, for synchronizing the transmission and the reception of the impulse radio
signal pulses for pulse interleaved communications. Pulse interleaving avoids self-interference betwesn the transmitted impulse radio signal
pulses and the received impulse radio signal pulses. In addition to pulse interieaved communications, bursts of pulses can be transmitied
besween two transceivers in an interieaved fashion. Altenatively, two different pulse repetition rates are to be used 1o transmit and receive
impulse radio signal pulses simultaneously. A blanking means for blanking selected pulses of the received or ransmitted impulse radio
signal pulses can be used to avoid interference.




