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The present invention provides a novel technique for reducing
the effect of CMI for PPM UWRB signals. The system and
method in accordance with the present invention greatly
improves the performance of receivers and eliminates the
possibility of catastrophic errors. The proposed technique
introduces a variable modulation index instead of a fixed
modulation index as was previously known in the art. The
modulation index is changed over each frame within each
symbol. In other words, a time hopping modulation index
sequence is used over the frames of the UWB symbols in
accordance with the present invention.
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1
SYSTEM AND METHOD FOR
CROSS-MODULATION INTERFERENCE
REDUCTION FOR PULSE-POSITION
MODULATED ULTRAWIDEBAND SIGNALS

CROSS REFERENCE TO RELATED
APPLICATIONS

This invention claims priority to U.S. Provisional Patent
Application No. 60/755,868, filed Jan. 3, 2006, and titled
“Method and Apparatus for Cross-Modulation Interference
Reduction for Pulse-Position Modulated Ultrawideband Sig-
nals”.

BACKGROUND OF THE INVENTION

Ultrawideband (UWB) is a recent technology that brings
attractive solutions for future wireless broadband applica-
tions. Impulse Radio (IR) is a popular implementation of
UWRB systems; although conceptually not very new, UWB-IR
is recently becoming popular for wireless communications. It
is realized by the transmission of extremely short duration
(usually sub-nanosecond) pulses.

A major challenge when designing UWB systems is the
selection of the appropriate data mapping format. Depending
on the parameters such as design specifications and con-
straints, range, transmission and reception power, quality of
service requirements, regulatory requirements, and hardware
complexity, there may be different modulation options that
will satisfy the system designer under different scenarios.
One of the popular modulation options is pulse position
modulation (PPM), where the position of the transmitted
pulse is varied depending on the information bits. One of the
attractive features of the PPM modulation in UWB is that it
allows the use of non-coherent detection at the receiver,
avoiding the complex and difficult channel estimation pro-
cess.

In wireless communications, the transmitted UWB signals
that propagate through a radio channel are typically reflected,
diffracted, and scattered, arriving at the receiver through mul-
tiple paths. In UWB, the resolvable multipath components are
much larger, typically on the order of a hundred. The multi-
path propagation causes cross-modulation interference
(CMI) for PPM modulated signals if the time difference
between two possible hopping positions (i.e. modulation
index) is less than the maximum excess delay of the channel.
CMI degrades the performance of the UWB receiver.

CMI has been studied extensively for various UWB
receiver architectures, and it has been shown that CMI has a
major impact in the receiver performance. It is suggested
strongly that solutions to avoid/suppress CMI are needed to
improve the performance of PPM modulated UWB signals.
The effect of CMI on average BER performance of UWB
receivers has been studied and it has been demonstrated that
CMI significantly degrades the average BER performance of
receivers. More significantly, CMI causes catastrophic errors
when a strong multipath component occurs at the opposite
symbol location. Therefore, average BER performance deg-
radation does not tell the whole story. There are cases where
the CMI interference can hurt the receiver so badly that it
eventually causes a sequence of symbol errors and hence
shuts down the communication link completely.

Increasing the transmitter power may not even help inthese

cases. This motivates the need for techniques to suppress
CMIL.
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Accordingly, what is needed in the art is a system and
method for an improved cross-modulation interference
(CMI) reduction technique for pulse-position modulated
UWRB signals.

SUMMARY OF INVENTION

The present invention provides a novel technique for
reducing the effect of CMI for PPM UWB signals. The pro-
posed approach improves the performance of receivers
greatly and eliminates the possibility of catastrophic errors.
The proposed technique introduces a variable modulation
index instead of a fixed modulation index as is currently
known in the art. In accordance with the present invention, the
modulation index is changed over each frame within each
symbol. In other words, a time hopping modulation index
sequence is used over the frames of the UWB symbols in
accordance with the present invention.

In a particular embodiment of the present invention, a
method for reducing the effect of cross-modulation interfer-
ence (CMI) in a pulse-position modulatated (PPM) ultra-
wideband (UWB) multipath channel is provided, including
the steps of identifying a variable modulation index for the
multipath channel, communicating the variable modulation
index to a receiver and transmitting a symbol employing the
variable modulation index to the receiver.

In accordance with the present invention, the transmitted
symbol includes a plurality of pulses and each of the plurality
of pulses occupies a location in a frame.

The variable modulation index is used to vary the modula-
tion index across the plurality of frames of the symbol.

The pulse-position modulation in accordance with the
present invention may be a binary pulse-position modulation
system or a Mary-pulse-position modulation system.

In an embodiment of the present invention, a transceiver is
provided for reducing the effect of cross-modulation interfer-
ence (CMI) in a pulse-position modulatated (PPM) ultra-
wideband (UWB) multipath channel. The transceiver in
accordance with the present invention includes circuitry for
identifying a variable modulation index for the multipath
channel and for communicating the variable modulation
index to the receiver and a transmitter for transmitting a
symbol employing the variable modulation index to the
receiver.

As such, the present invention provides a system and
method for an improved cross-modulation interference
(CMI) reduction technique for pulse-position modulated
UWRB signals. The index hopping method in accordance with
the present invention greatly improves the average BER per-
formance of the UWB receivers.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference
should be made to the following detailed description, taken in
connection with the accompanying drawings, in which:

FIG. 1 illustrates a simple TH-IR-UWB signal structure:
Each symbol carrying the information is transmitted with a
number of pulses, where in this FIG. 4 pulses represent a
symbol. Pulses occupy a location in the frame based on the
specific pseudo random (PN) code assigned for each user. A
block in this figure represents a number of symbols where
FEC coding interleaving, and other MAC layer protocols
might be applied.

FIG. 2 is an exemplary illustration of the CMI problem in
accordance with the present invention.
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FIG. 3 is an exemplary illustration of the proposed variable
modulation index in accordance with an embodiment of the
present invention.

FIG. 4 is an exemplary illustration of the SIR distribution
for both the conventional scheme currently known in the prior
art and the proposed PPM modulation scheme in accordance
with an embodiment of the present invention having a pulse
duration of 0.1 ns.

FIG. 5 is an exemplary illustration of the SIR distribution
for both the conventional scheme currently known in the prior
art and the proposed PPM modulation scheme in accordance
with an embodiment of the present invention having a pulse
duration of 0.8 ns. The average SIR values are 12 dB and 18.7
dB respectively.

FIG. 6 is an exemplary illustration of the cumulative den-
sity of the SIR for both the conventional scheme currently
known in the prior art and the proposed PPM modulation
scheme in accordance with an embodiment of the present
invention with various pulse durations. The average SIR val-
ues are 22 dB and 7 dB respectively.

FIG. 7 is an exemplary illustration of a comparison of the
bit-error-rate  (BER) performances of the conventional
scheme currently known in the art and the proposed scheme in
accordance with an embodiment of the present invention
having a pulse duration of 0.1 ns.

FIG. 8 is an exemplary illustration of a comparison of the
bit-error-rate  (BER) performances of the conventional
scheme currently known in the art and the proposed scheme in
accordance with an embodiment of the present invention with
pulse duration of 0.8 ns.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Depending on the type of multiple accessing and other
system parameters, various system models can be used for
UWRB. In a particular embodiment of the present invention,
time hopping (TH) impulse radio (IR) based UWB is consid-
ered.

A simple TH multi-access model of the UWB communi-
cation system as known in the prior art is shown with refer-
ence to FIG. 1. As illustrated in FIG. 1, each symbol carrying
the information is transmitted with a number of pulses,
wherein in this figure, four pulses represent a symbol. Pulses
occupy a location in the frame based on the specific pseudo
random (PN) code assigned for each user. A block in this
figure represents a number of symbols where FEC coding,
interleaving and other MAC layer protocols might be applied.

The pulsed UWB approach often transmits many low duty
cycle pulses to represent a bit, where the number of pulses in
a symbol is a design criterion which determines the process-
ing gain of the system. The off-time between two consecutive
pulses implies a second type of processing gain which helps
against multipath and multi-user interference, allowing other
users to transmit in the gaps between these pulses.

In a particular embodiment, a single user time hopped
system with binary pulse position modulation (PPM) is con-
sidered. The TH-PPM signal at the transmitter can be repre-
sented as,

J M
sel)= 3 wlt =Ty = T; = byyng)0)

i=—o0
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where 8 is the modulation index, b is the random bit value, T,
is the pulse repetition time, w, (t) is the transmitted pulse, T,
is the time hopping PN sequence. In a typical time hopping
UWB system, each data symbol is transmitted over multiple
monopulses. In the above equation, N denotes the number of
pulses that correspond to one information bit. The transmitted
signal after passing through the multipath channel is received
at the receiver antenna, along with the noise. The composite
signal at the receiver can be represented as,

k-1
{Bewn(t = iTy = Ti = byng16 — T} + n(D),

@
() =

NGk

i=—00 k=1

where K is the number of channel taps, [, and T, are the
amplitude and the delays of each path, w, (t) is the received
pulse, and n(t) is the white Gaussian noise with zero mean and
variance of o,”. It is assumed that all multipaths have the
same effect on the transmitted pulse shape.

According to a binary PPM modulation, the bits are trans-
mitted at two possible positions separated by the amount of
the modulation coefficient. At the receiver, the decision about
the transmitted bits is made by comparing the energy at each
position. When there is only a single path (i.e. flat fading
channel) at the true bit position, the transmitted pulse along
with the background noise will appear, and at the opposite bit
position only noise will appear. However, in a multipath chan-
nel, when the modulation index is less than the maximum
excess delay of the channel, a multipath component is likely
to appear at the opposite bit location. Therefore, the undesired
energy due to the multipath component will affect the bit
decision depending on the relative path energy at the desired
and the opposite bit locations. This problem is referred as
Cross-Modulation interference (CMI). FIG. 2 illustrates the
CMI problem where three multipath components are shown
for simplicity; all the multipath components correspond to the
transmission of the pulse that reflects the same bit value.
Notice that the second multipath component falls in the posi-
tion of the opposite bit value. Therefore, even though the
opposite bit is not transmitted (in this position), due to this
multipath component, an interference effect will occur. Note
that when 9 is greater than the pulse duration, the PPM modu-
lation is an orthogonal modulation without multipath. The
multipath basically distorts this orthogonality.

In a particular embodiment, a simple single correlator
receiver is employed where the correlator is tuned to one of
these multipath components, which is usually the strongest
path. Assuming that the strongest path is the kth path, the
correlator output for both bit position hypotheses can be
written as,

H,,~Pup+z,

Hyppoe=I+2> 3
where ¢ is the correlation of the received pulse with the local
template, z, and 7, are the noise terms at the output of both
correlators, and I is the CMI term due to the possible other
multipath that falls in the position of the opposite bit. The
CMI term will include the amplitude of the interfering path,
which in this case is taken to be the jth path, and also the
correlation of the local template with the pulse in the jth path
location. Since the pulse in the jth path might not be perfectly
aligned with the local template, this correlation can be repre-
sented as,
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¢,,, where p represents the mis-alignment factor and it can
not be greater than one (p>1). As the interfering path moves
away from the opposite bit position, then p goes to zero. In the
limiting case, if the interfering path is exactly at the opposite
bit location, then p=1. As a result, the CMI term can be
represented as,

I=ppp Q)

Note that if the received signal is synchronized to the
strongest path, then B,Zf,. In a particular embodiment uti-
lizing a rake receiver, where multiple correlators are used for
several multipath components, the problem of CMI will be
even more pronounced, as the condition of §, =, is not guar-
anteed for all desired and interfering pairs of the multipath
components.

Similarly, in a TR scheme and other non-coherent trans-
ceivers, the CMI will affect the performance of the detector
performance. The details of the effect of CMI on TR receivers
and energy detectors can be found in the prior art.

In accordance with an embodiment of the present inven-
tion, the modulation index in a transceiver is hopped in time
over multiple frames of the UWB symbol. Note that the
hopping sequence of the modulation index is known by the
receiver. The advantage of hopping is two-fold: catastrophic
errors are avoided and the average BER performance is
improved. The first advantage is especially important for low
mobility applications. It ensures that the receiver is not hit by
a strong CMI term continuously. The second advantage of the
present invention results from the effect of averaging the
interference over multiple frames.

FIG. 3 shows a representative example of the variable
modulation indexing in PPM in accordance with the present
invention. The dashed lines show the position of the opposite
bit with respect to the actual transmitted bit. Note that the
position changes in each frame compared to the conventional
fixed indexing. Designators d1-d4 represent the exemplary
variable modulation indexes. In a conventional PPM, the
modulation index 8 is constant over all the frames. Therefore,
if CMI is experienced, if affects all of the frames within a
symbol. Note that improving processing gain by increasing
the number of frames within a symbol does not help to
increase signal-to-interference-ratio (SIR). Because, the CMI
will exist in all the frames equally. In the present invention,
the SIR is referred to as the ratio of the desired tap to the
interfering tap due to CMI. Similarly, as mentioned before,
increasing the transmitted power will also increase the self-
interference proportionally; as such the SIR will remain the
same.

In accordance with an embodiment of the present inven-
tion, when the modulation index is changed through the dif-
ferent frames, by utilizing a pseudo random index value,
within a symbol, the effect of multipath on the opposite bit
position is averaged. Even though this will improve the aver-
age SIR, the more significant benefit is in the avoidance of the
catastrophic errors. In addition, the processing gain due to the
increase in the number of pulses or frames per symbol, will
also be exploited in improving the SIR, where as the process-
ing gain is increased, the SIR will also improve, proportion-
ally.

FIG. 4 through FIG. 8 illustrate the simulation perfor-
mance of the system and method in accordance with the
present invention in comparison to the conventional PPM
transmission scheme currently known in the art under prac-
tical channel considerations for 50 frames per symbol. In a
particular embodiment, there are 50 different modulation
indexes. In all the illustrated figures, a single rake reception is
considered having a one tap correlator. The performance
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6

gains in multi-tap selective rake and all-rake receptions will
be even more pronounced. In FIG. 4 through FIG. 6, the SIR
distributions for the conventional and proposed scheme, in
accordance with the present invention, are obtained in a stan-
dard CMI channel model for various pulse width values. As
illustrated, the method in accordance with the present inven-
tion improves the effective SIR greatly. The average SIR
values for the conventional and proposed schemes in 3 dif-
ferent pulse widths are calculated as; 12 dB and 18.7 dB fora
pulse width 0of 0.1 ns; 9.5 dB and 21 dB for a pulse width of 0.4
ns; and 7 dB and 21 dB for pulse width of 0.8 ns, respectively.
As illustrated, the SIR improvement is more with wider pulse
durations, as is discussed below. The improvement in SIR
will, therefore, affect the BER performance. FIG. 7 and FIG.
8 illustrate the BER performance comparison of the proposed
and conventional PPM transceiver. As illustrated, the pro-
posed scheme does not have an error floor that is caused by
catastrophic errors. Additionally, the method in accordance
with the present invention improves the average BER perfor-
mance.

In a particular embodiment, an assumption is made that the
channel taps are independent and Gaussian distributed with
zero means and with variance of o, when the CMI occurs,
the self interference will be the same over all the frames.
Therefore, processing over multiple frames will not average
the self-interference. At the end, the SIR will be the same,
whether or not a single frame or multiple frames are used. The
present invention assumes the interference is only due to
CMI, when there are other interferences, the situation is dif-
ferent. On the other hand, when the modulation index is
varied across the frames, as in accordance with the method of
the present invention, then, the self-interference term is aver-
aged over multiple taps that hit the opposite bit position.

In a specific embodiment, the assumption is made that N
independent multipath components hit the opposite bit posi-
tion across different frames. To get N independent hits, there
need to be at least N frames within a symbol. In practice, the
number of frames should be much larger than N. When the
interference is averaged across multiple frames, the resulting
interference power will be No, 2 in the method in accordance
with the present invention, in contrast to the N°c,” as in the
case of the conventional PPM modulation known in the art. As
a result, the proposed scheme will have a 10 log(N) dB better
average SIR compared to the prior art scheme. As can be seen,
the SIR increases as the number of frames increases, and
hence, the number of averaging across multiple hits increases.
The scenario presented is meant to be exemplary. In the
simulation results given above, the maximum achievable gain
is represented. The maximum achievable gain is not always
achievable. For example, in the simulation results provided, a
17 dB average SIR gain should have been observed with the
present invention. As can be seen in the figures, the gains were
less than expected. In reality, the gains will be less compared
to this maximum achievable gain. First of all, the above
analysis assumes that the multipath will always hit the oppo-
site bit duration. In reality, this depends on the multipath
profile and the pulse width. If the multipath profiles is very
dense and the pulse width is large, it is highly possible to get
a hit in the opposite duration bit. However, if the profile is
sparse, or for narrower pulse durations, the probability of the
hit must be factored into the analysis. Secondly, the figures
presented assumed that the multipath components have equal
power, which is reality will not be the case. A realistic mul-
tipath power delay profiles need to be included for a more
accurate analysis.

The modulation index hopping method in accordance with
the present invention additionally provides a smoother power
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spectrum through reduction of the undesired spectral lines,
and improved PHY level security through the hopping of the
modulation index. The index hopping make the detection of
the received signal difficult for a receiver that does not know
the hopping sequence.

Additionally, while the discussion and illustration have
focused on the present invention for a binary PPM, the con-
cept can be extended to Mary-PPM, and similar gains can be
obtained for the higher order PPM cases as well. Also, the
present invention can be applied to non-coherent transmit
reference type transceivers.

It will be seen that the advantages set forth above, and those
made apparent from the foregoing description, are efficiently
attained and since certain changes may be made in the above
construction without departing from the scope of the inven-
tion, it is intended that all matters contained in the foregoing
description or shown in the accompanying drawings shall be
interpreted as illustrative and not in a limiting sense.

It is also to be understood that the following claims are
intended to cover all of the generic and specific features of the
invention herein described, and all statements of the scope of
the invention which, as a matter of language, might be said to
fall therebetween. Now that the invention has been described,

What is claimed is:

1. A method for reducing the effect of cross-modulation
interference (CMI) within a transmitted symbol in a pulse-
position modulated (PPM) ultra-wideband (UWB) multipath
channel, wherein a plurality of pulses are used to represent the
transmitted symbol occupying a plurality of frames and each
of the plurality of pulses are transmitted at each of two pos-
sible positions within a frame of the plurality of frames, the
method comprising the steps of:

identifying a variable modulation index for the multipath

channel, wherein the variable modulation index deter-
mines the amount of separation between the two pos-
sible positions for each of the plurality of transmitted
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pulses within a frame and the variable modulation index
is different for each of the plurality of frames;

communicating the variable modulation index to a

receiver;,

transmitting a symbol employing the variable modulation

index to the receiver.

2. The method of claim 1, wherein the pulse-position
modulation is a binary pulse-position modulation.

3. The method of claim 1, wherein the pulse-position
modulation is a Mary-pulse-position modulation.

4. A transceiver for reducing the effect of cross-modulation
interference (CMI) within a transmitted symbol in a pulse-
position modulated (PPM) ultra-wideband (UWB) multipath
channel, wherein a plurality of pulses are used to represent the
transmitted symbol occupying a plurality of frames and each
of the plurality of pulses are transmitted at each of two pos-
sible positions within a frame of the plurality of frames, the
transceiver comprising:

circuitry for identifying a variable modulation index for the

multipath channel and for communicating the variable
modulation index to the receiver, wherein the variable
modulation index determines the amount of separation
between the two possible positions for each of the plu-
rality of transmitted pulses within a frame and the vari-
able modulation index is different for each of the plural-
ity of frames; and

a transmitter for transmitting a symbol employing the vari-

able modulation index to the receiver.

5. The system of claim 4, wherein the pulse-position modu-
lation is a binary pulse-position modulation.

6. The system of claim 4, wherein the pulse-position modu-
lation is a Mary-pulse-position modulation.

7. The system of claim 4, wherein the receiver is a single
rake receiver.

8. The system of claim 4, wherein the receiver is a multi-tap
selective rake receiver.
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