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FULL DUPLEX ULTRAWlDE-BAND 
COMMUNICATION SYSTEM AND METHOD 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to the field of 

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

2. Related Art 
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 dam. 

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 ?lters and hybrids, 
while TDMA uses a duty cycle scheme in which the trans 
mitter and receiver alternate operation. 
An example of an FDMA full duplex voice communica 

tion 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 
di?erent. and ?lters must be used in the receiver to eliminate 
transmitter noise from the adjacent transmit antenna. 
Otherwise. the receiver could easily be overloaded by its 
own transmitter. 

Impulse radio technology. on the other hand. is ultrawide 
band by de?nition. The original descriptions of impulse 
radio may be found in a number of United States Patents by 
the present inventor. Three of these are US. Pat. Nos. 
4.641.317 (issued Feb. 3. 1987). 4.813.057 (issued Mar. 14, 
1989) and 4.979.186 (issued Dec. 18. 1990). Because of the 
ultrawide-band characteristics of impulse radio. it is dit?cult 
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 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 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 
radio technology. because both the transmitter and receiver 
must be operated in the same ultrawide frequency band 
width. 

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 that is motion between them 
such as in mobile communications. there occurs the 
unavoidable condition wherein the transmitter and receiver 
must operate simultaneously. 
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2 
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 UK. where C 
is the speed of light and R is the repetition rate. For example. 
if R=l million pulses per second. these zones would be 
about 300 meters. and so on. Although full duplex mode of 
operation is very desirable. this elfect makes it unpractical to 
do so. 

The problem is quite clear: How can an impulse radio 
receiver distinguish the signals transmitted by other impulse 
radio transmitters in the presence of more powerful impulse 
radio signals transmitted by its own adjacent transmit 
antenna? What is needed as a solution is a technique. 
applicable to impulse radio technology. that avoids interfer 
ence between transmit and receive signals. 

SUMMARY OF THE INVENTION 

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 pulses. and means. 
associated with either or both of the impulse radio trans 
mitter and the impulse radio receiver. for synchronizing the 
transmission and the reception of the impulse radio signal 
pulses for pulse interleaved communications. Pulse inter 
leaving avoids self-interference between the transmitted 
impulse radio signal pulses and the received impulse radio 
signal pulses. In addition to pulse interleaved 
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 repeti 
tion rates. which forces the overlap condition to occur at a 
constant rate independent of spatial 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. 

Thus. the present invention is directed to a system and 
method whereby it is possible to send and receive informa 
tion at the same time using the same antenna in an impulse 
radio. 
One embodiment of the present invention allows the 

distance between 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 dilferent repetition rate for each of the transmit and 
receive directions. and by taming off the 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 mono 
cycle pulse in the time and frequency domains. respectively. 
in accordance with the present invention. 

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

FIG. 3 illustrates a modulating signal that changes the 
pulse repetition interval (PRI) in proportion to the modula 
tion in accordance with the present invention. 
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FIG. 4 is a plot illustrating the impact of pseudo-random 
dither on energy distribution in the frequency domain in 
accordance with the present invention. 

FIG. 5 illustrates the result of a narrowband sinusoidal 
(interference) signal overlaying an impulse radio signal in 
accordance with the present invention. 

FIG. 6 shows the “cross correlator" transfer function of an 
impulse radio receiver in accordance with the present inven 
tion. 

FIG. 7 illustrates impulse radio multipath effects in accor 
dance with the present invention. 

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

FIG. 9 shows a representative block diagram of a fun 
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 and receiver. 

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

FIG. 13 shows a ?ow diagram for a pulse interleaving 
technique for full duplex impulse radio communications. in 
accordance with an embodiment of the present invention. 

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

FIG. 15 shows exemplary pulses for a further embodi 
ment of the present invention using dilferent pulse repetition 
frequencies for two communicating transceivers. 

FIG. 16 illustrates the cross correlation process in accor 
dance with the present invention. 

FIG. 17 shows a representative illustration of an impulse 
radio transceiver for full duplex communications. in accor 
dance with an embodiment of the present invention. 

FIG. 18 shows a representative illustration of an impulse 
radio transceiver for full duplex communications. in accor 
dance with another embodiment of the present invention. 

FIG. 19 shows an exemplary block diagram of a trans 
ceiver implemented for synchronizing pulse interleaving. 
according to a preferred embodiment of the present inven 
tion. 

FIG. 20 shows a ?ow diagram to implement a delay for 
pulse interleaved communications. 

In the drawings. like reference numbers indicate identical 
or functionally similar elements. Additionally. the left-most 
digit of the reference number identi?es the drawing in which 
the reference number ?rst appears. 

DETAILED DESCRlPI'ION OF THE 
PREFERRED EMBODIMENTS 
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4 
-continued 
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V. Other Considerations 31 
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I. Overview 
Impulse radio technology according to the present inven 

tion is widely applicable for wireless communications appli 
cations. Because impulse radio is not a continuous wave 
(CW) carrier-based system. the use of a subcarrier 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 giga 
hertz (GHZ); ultrawide 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. 

Impulse radios have exceptional multipath immunity and 
are relatively simple and less costly to build. especially in 
comparison to spread spectrum radios. Impulse radio sys 
tems consume substantially less power than existing con 
ventional radios. Additionally. impulse radio systems 
occupy less space than existing portable telecommunica 
tions transceivers. Because of these 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 US. patent application 
Ser. No. 08/309973 (?led Sep. 20. 1994. and lifted An 
Ultrawide-Band Communication 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 
impulse radio communications; and a lock acquisition 
scheme for the impulse radio receiver to acquire and main 
tain lock of impulse radio signals. 
The following sections 11 and III are a detailed description 

of the present invention. 
Section 11 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 com 
munication systems. This section includes subsections relat 
ing to the theory of operation of full duplex for an impulse 
radio transceiver. 
1]. Technology Basics 
As stated above. this section is directed to technology 

basics and provides the reader with an introduction to 
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impulse radio concepts. as well as other relevant aspects of 
communications theory. This section includes subsections 
relating to Gaussian monocycle pulses. pulse trains of gaus 
sian monocycle pulses. modulation. coding. and qualitative 
and quantitative characteristics of these concepts. 

Impulse radio transmitters emit short Gaussian mono 
cycle 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 
intervals of between 2 and 5000 us. These narrow mono 
cycle pulses have inherently wide-band frequency charac 
teristics. 

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 component. Unlike 
spread spectrum systems. the pseudo-random code is not 
necessary for energy spreading (because the impulses them 
selves are inherently wide-band). but rather for 
channelization. energy smoothing in the frequency domain. 
and jamming resistance. 
The impulse radio receiver is a direct conversion receiver 

with a cross correlator front end The front end coherently 
converts the electromagnetic pulse train to a baseband signal 
in one stage. The impulse radio receiver integrates multiple 
pulses to recover each bit of the transmitted information. 

A. Gaussian Monocycle 
The most basic element of impulse radio technology is the 

practical 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 
(i.e.. a 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 called impulses. are not gated sine 
Waves. 

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

(1) 
1 2e 

V(r) =/\ I 

Where. 
A is the peak amplitude of the pulse. 
t is time. and 
1: (tau) is a time decay constant. 
In the frequency domain. the Gaussian monocycle enve 

lope is: 

The center frequency is then: 

Relative to c. the 3 dB down points (power) are: 

f,,..,,=o.319 c; f,,,,,,=1.922 c. (5) 

Thus. the bandwidth is approximately 160% of the center 
frequency. Because 1 (tau) also de?nes the pulse width. then 
the pulse width speci?es both the center frequency and 
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6 
bandwidth. In practice. the center frequency of a 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: 

11:2.0 GHz; Af¢=3.2 61-12. 

B. A Pulse Train 
Impulse radio systems use pulse trains. not single pulses. 

for communications. As described in detail in Section 1]] 
below. the impulse radio transmitter produces and outputs a 
train of pulses for each bit of information. 

Prototypes built by the inventors have pulse repetition 
frequencies of between 0.7 and 10 megapulses per second 
(mpps. where each megapulse is 106 pulses). FIGS. 2A and 
2B are illustrations of a 1 mpps system with (uncoded. 
unmodulated) 1 ns pulses in the time and frequency domains 
(see 102 and 104. respectively). In the frequency domain. 
this highly regrlar pulse 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 sys 
tems at short ranges. 

Impulse radio systems have very low duty cycles so the 
avenge power in the time domain is signi?cantly 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 

Additional processing is needed to modulate the pulse 
train so that the impulse radio system can actually commu 
nicate information. The additional processing also smooths 
the energy distribution in the frequency domain so that 
impulse radio transmissions (e.g.. signals) interfere mini 
mally with conventional radio systems. 

C. Modulation 
Amplitude and frequency/phase modulation are unsuit 

able for this particular form of impulse communications; the 
only suitable choice is pulse position modulation. which 
allows the use of a matched ?lter (i.e.. cross correlator) in the 
receiver. As illustrated in FIG. 3. a modulating signal 
changes the pulse repetition interval (PR1) in proportion to 
the modulation. 

If the modulating signal were to have three levels. the ?rst 
level might shift the generation of the pulse forward in time 
from the nominal by a 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 a ps. This 
would be a digital modulation scheme. Analog modulation 
would allow continuous deviations between FRI-B and PRI+ 
8. In the impulse radio system the maximum value of 8 is t/4. 
where t=time of the pulse. The time measurement is 
assumed to be taken from the same part of the monocycle 
waveform on successive monocycles. 

In the frequency domain. pulse position modulation dis 
tributes the energy over more frequencies. For example. in 
the case of a 1 mpps system where the modulation dither (d) 
is 100 ps. the PRI is 1.000.000 Hertz (Hz) and the additional 
frequency components are: 999.800.04 Hz. 999.900.01 Hz. 
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. Thus. in the frequency domain. the 
energy is more smoothly distributed. 

(7) 
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