
This section of the newsletter provides
an article on the background of
Waveform Diversity and Design

(WDD) by Dr. Eric Mokole of the Naval
Research Laboratory. Also included is a mis-
sion statement. These are followed by two
technical articles that present some of the
key technical issues and concerns confronted
by this community and how EMC fits in.

The first article is titled, “Space-Time
Adaptive Processing and Electromagnetic
Compatibility for Waveform Diverse Dis-
tributed Aperture Radars” by Raviraj S.
Adve of the Department of Electrical and
Computer Engineering at the University of
Toronto, Russell Brown and Richard A.
Schneible of Stiefvater Consultants in
Marcy, NY, Michael C. Wicks of the US Air
Force Research Laboratory, Sensors Direc-
torate in Rome, NY, and Robert McMillan
of the US Army SMDC in Huntsville, AL.
Their article discusses the fundamental
WDD problem and the importance of hav-
ing viable interference models to address
relevant electromagnetic environment
effects and EMI for a system of systems.
Their paper furthers the development of
EMC and signal processing for distributed,
waveform diverse antenna arrays. The long-
term goal is to develop practical waveform-
time-space adaptive processing algorithms
for distributed apertures. A crucial issue
identified in previous works is that, in prac-
tice, the target and interfering sources are
within the near-field of the antenna array.
As a first step toward the long-term goal,
their paper develops the model required to
generate simulated data. Such a model

would be particularly useful to develop and
test new adaptive signal processing algo-
rithms. Specifically, this paper develops a
model for range dependent target and inter-
ference for distributed, frequency diverse
apertures.

The second article is titled “Capacity
Analysis of Spectrally Overlapping
Direct-Sequence Spread Spectrum (DSSS)
Channels” by Ilteris Demirkiran of
Embry-Riddle Aeronautical University in
Daytona Beach, FL, Donald Weiner and
Pramod Varshney of Syracuse University
in Syracuse, NY and, yours truly. In this
article, concerns the exponentially bur-
geoning cellular business over the last
decade are addressed. With the huge

increase in the number of cellular users,
capacity of the existing cellular system has
become an issue. This is a related concern
within the WDD community, i.e. there is
a need to ensure that multiple cooperative
radar and communications systems are
operational and available across the entire
electromagnetic spectrum within the
application environment. In this paper, a
novel approach is presented that provides
for a significant increase in the number of
users based on applying direct sequence
spread spectrum (DSSS) waveforms,
which can assist in facilitating interfer-
ence-free operation. If you have questions
or comments, please contact yours truly,
Andy Drozd, at a.l.drozd@ieee.org.
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The mission of the Waveform Diversity and Design community is to
form a validated technology base that will take advantage of the new
flexibility in waveform design and application afforded by recent and

emerging advances in electromagnetics, processing, and radio frequency ana-
log devices.  This technology would then be used to pursue research, develop-
ment, and production of sensors, communication, and countermeasure sensors
that dynamically and harmoniously utilize multiple transmit and receive sig-
nal sets from one or more platforms to exchange and/or extract information.
Workshops and conferences are vehicles for fostering the continued growth of
waveform-diversity concepts and encourage the participation and contribu-
tions of outside organizations to address problems of common interest.

[Note from the EMC Newsletter Editorial staff:  The Charter of the EMC Soci-
ety historically has advanced technologies that “dynamically and harmoniously” per-
mit multiple users to simultaneously operate radio frequency transmitters without
detrimental effects.]

Mission Statement
Waveform Diversity and Design

Background on Waveform Diversity and Design and Relevant
Electromagnetic Interference and Spectrum Utilization Issues
by Dr. Eric L. Mokole, Naval Research Laboratory, Washington, DC

The genesis of the Tri-Service
Waveform Diversity Working
Group and the subsequent two

IEEE conferences on Waveform Diversity
and Design sprung from the fertile mind
of Michael C. Wicks of the Air Force
Research Laboratory (AFRL) in Rome

NY.  In early spring of 2002 at a meeting
of the joint university-industry-govern-
ment CHSSI1 team for the parallelization
of WIPL-D2 in Utica, NY, he requested
a side meeting with the other two service
representatives, Robert W. McMillan of
the US Army Space and Missile Defense

Command (SMDC) and Eric L. Mokole of
the Radar Division of the Naval Research
Laboratory (NRL), to discuss the notion
of jointly pursuing a long-term roadmap
for research and development in the
broad area of Waveform Diversity (WD),
roughly defined as:
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The dynamic and coordinated use of
multiple transmit and receive signal sets
from one or more platforms to exchange
and/or extract information.

Over the next several months, the
three principals formed a Core Team for
what would become the Working Group
and conducted several meetings, culmi-
nating in the 1st Tri-Service Waveform
Diversity Workshop at NRL in Wash-
ington DC from February 4-7, 2003.
The original Core Team had six members
(Peter Kirkland of SMDC, Paul Antonik
of AFRL, Karl Gerlach of NRL, and the
three founding members), and the Work-
ing Group consisted of Shannon Blunt of
NRL, Michael Dorsett and John Hen-
nings of SMDC, Todd Hale of the Air
Force Institute of Technology, and Patri-
cia Woodard, Robert Bonneau, and
Richard Schneible of AFRL.

In light of existing and expected RF
technologies in the 2005-2009 time
frame, the goals of the Working Group
were to develop analytical methodolo-
gies and new hardware technologies for
system applications in sensors, commu-
nications, and countermeasures.  Hard-
ware advances in electromagnetics,
waveform generation, timing and con-
trol, and signal/data processing have
greatly increased the performance of RF
devices, which allow significantly more
flexibility in modulating radar and com-
munications signals.  This improved
flexibility, coupled with dynamic repro-
grammability, results in the capability of
generating adaptive waveforms that
optimize a user’s specific application.
Moreover, improved analog-to-digital
converters and integrated analog circuit-
ry allow direct digital synthesis of sig-
nals without the need for complex mix-
ing stages and baseband processing.
Finally, the phase accuracies in these
transceivers improve system performance
in the temporal and spatial domains.
These technological advances in process-
ing and device design are what make
waveform diversity possible, but at the
same time, create the possibility of elec-
tromagnetically-rich environments and
the potential for adverse electromagnetic
environmental effects to occur.  As a con-
sequence, a validated technology base is
required that takes advantage of the new
flexibility afforded by recent advances in
processing and RF analog design and
which looks at the potential electromag-
netic environment impacts.

The two basic ideas behind the first
workshop were:
(1) to gather a selected group of experts

from academia, government, and
industry to provide a knowledge base
on Waveform Diversity for the Core
Team; and

(2) to use this knowledge base to draft a
comprehensive roadmap for develop-
ing an integrated, multi-organiza-
tional, experiment/demonstration
plan to validate the predicted
improvements in performance that
would support a variety of new sys-
tem constructs related to adaptive
waveform technology.
Approximately 120 persons attended

the first workshop, with participation
from Australia and the United Kingdom.
The significant interest generated by the
workshop lead to support by Joseph
Guerci of DARPA and to discussions
about expanding the Working Group
and conducting an international confer-
ence.  Chris J. Baker of University Col-
lege London and Vincent J. Amuso of
Rochester Institute of Technology were
selected as co-chairs for the conference
that would take place in Edinburgh,
Scotland from November 8-10, 2004.  A
member of the newly expanded Working
Group, Murali Rangaswamy of AFRL,
spearheaded an effort that resulted in the
award of a Multi-University Research
Initiative from the Air Force Office of
Scientific Research on Waveform Diver-
sity in 2005.

The primary objective of subsequent
workshops was to foster the continued
growth of waveform-diversity concepts.
Although the initial meetings of the
Working Group were predominantly
radar centric, the scopes of subsequent
gatherings expanded to include the broad
array of disciplines encompassed by the
working definition of Waveform Diversi-
ty (WD).  For example, at the most
recent WD gathering (2nd International
Waveform Diversity and Design Confer-
ence, Lihue, HI USA) in January of 2006,

special sessions were devoted to the IEEE
Societies on Antennas and Propagation,
Electromagnetic Compatibility, Geo-
science and Remote Sensing, and Signal
Processing.  Thus far, three workshops
and two conferences have been conduct-
ed, with a workshop and a conference
scheduled within the next year (Table 1).

From the EMC/EMI perspective, the
electromagnetic spectrum has become
increasingly crowded in recent years.
Efficient use of bandwidth is essential to
meet the needs of a wide variety of tech-
nological disciplines that utilize wave-
form design.  The importance of wave-
form design and specification for com-
munication and sensor systems has long
been recognized.  However, it is only rel-
atively recent advances in hardware tech-
nology that are enabling a much wider
set of design freedoms to be explored.
The need for this exploration is increased
by emerging and compelling changes in
system requirements, such as more effi-
cient use of the electromagnetic spec-
trum, higher sensitivities, greater infor-
mation content, and improved tolerances
to errors. The combination of hardware
advances and more stringent requirements
is fuelling worldwide interest in the sub-
ject of waveform design and the use of
waveform-diversity techniques. 

References:
[1]The Common HPC Software Support

Initiative (CHSSI), entitled Parallel
Scene Generation/Electromagnetic
Modeling of Complex Targets in
Complex Clutter and Propagation
Environments, of the High Perfor-
mance Computer Modernization
Office (HPCMO).

[2]B. Kolundzija, J. S. Ognjanovic, and
T. K. Sarkar, WIPL-D: Electromag-
netic Modeling of Composite Metal-
lic and Dielectric Structures — Soft-
ware and User’s Manual (Artech
House, Norwood, 2000). 
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Keywords: Distributed apertures, frequency diversity, range-
dependent clutter, electromagnetic environments

Abstract 
This paper furthers the development of electromagnetic com-
patibility and signal processing for distributed, waveform
diverse, antenna arrays. The long-term goal is to develop prac-
tical waveform-time-space adaptive processing algorithms for
distributed apertures. A crucial issue identified in previous
works is that, in practice, the target and interfering sources are
within the near-field of the antenna array. As a first step toward
the long-term goal, this paper develops the model required to
generate simulated data. Such a model would be particularly
useful to develop and test new adaptive signal processing algo-
rithms. Specifically, this paper develops a model for range
dependent target and interference for distributed, frequency
diverse, apertures. 

Compared to conventional radars, distributed aperture radars
have the potential to provide significantly improved detection,
tracking and discrimination performance in severe EMI and
clutter environments. Realizing this greater capability will
require unique waveform selection and signal processing
approaches, this paper presents the development and validation
of a computer simulation capability that will permit the analy-
sis of these waveforms and interference rejection algorithms for
DAR systems. For example, distributed aperture radars can
potentially provide significantly improved target tracking accu-
racy because of the large baseline between the various apertures.
The resulting angular resolution can be orders of magnitude
better than the resolution of a monolithic system (single large
radar). The same angular resolution can provide improved inter-
ference rejection.  A high-fidelity sensor simulation was devel-
oped and was employed to investigate EMI rejection for various
distributed aperture radar concepts. A waveform/processing
approach using simultaneous orthogonal waveforms was shown
to effectively reject EMI from all angles.   An experimental pro-
gram has been accomplished to validate the simulation.

1. Introduction 
In the field of radar signal processing, a recent exciting
approach has been to combine the benefits of extremely sparse
arrays with the benefits of waveform diversity. Such a system is
based on an array of sub-apertures placed several thousands of

wavelengths apart. Waveform diversity has been proposed to
deal with the resulting problems of grating lobes. Each sub-
aperture of the array transmits a unique waveform, orthogonal
to waveforms transmitted by the other apertures, preventing
fratricide and maintaining electromagnetic compatibility
across the distributed aperture.  Initial studies have shown that
while providing a remarkably narrow mainbeam, such a system
can also eliminate grating lobes [1, 2]. 

So far, research into waveform diverse distributed apertures
has mainly been for proof-of-concept. In the area of adaptive sig-
nal processing for such systems, in particular, the studies have
been limited and very preliminary [1, 3]. The approach in these
studies was to apply the existing space-time-adaptive process-
ing (STAP) algorithms to the waveform-time-space adaptive
processing (WTSAP) case. Waveform diversity is achieved
using multiple narrow band transmissions. While the results
were promising, in general, the studies serve more to highlight
the work remaining in developing practical adaptive processing
for waveform diverse distributed apertures. 

A very important result that came out of the recent work [1,
2], is that given the extremely long baselines (thousands of
wavelengths), the ranges of interest are not in the far field of the
antenna array, indeed the entire notion of steering vector has to
be revisited. The range dependence of target and interference
has a significant impact on the performance of adaptive algo-
rithms and requires the formulation of algorithms specifically to
address this issue. 

In developing adaptive signal processing for airborne radar
arrays, a crucial development was the availability of data mod-
els for the target and interference [4]. This paper attempts to
make a similar contribution for frequency diverse, distributed
apertures, developing a model for range dependent target and
interference, including frequency diversity. To account for the
frequency diversity, the processing scheme uses a true time
delay between the widely distributed apertures. The interfer-
ence is modeled as a sum of several low power interference
sources, each with range dependent contribution to the overall
interference. This paper also presents numerical simulations
using this model to generate data. The examples demonstrate
the importance of frequency diversity in eliminating grating
lobes. It is anticipated that the model will help jump-start the
development of WTSAP algorithms specifically for waveform
diverse distributed apertures. 

This paper is organized as follows: Section 2 presents the
model for range dependent target and clutter data, including
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true time delay. Section 3 presents some numerical examples
illustrating range dependence and the importance of frequency
diversity in eliminating grating lobes. Finally, Section 4 draws
some conclusions and points to future work

2. Data Model 
In the case of airborne radar, the development of the data
model depends heavily on the notion of a steering vector, the
vector of signals at the ports of receiving antenna array due to
a single source [4]. Because the sources are in the far-field, the
steering vector, usually an array of phase shifts, depends only
on the angle between the source direction and the array base-
line. Adaptive processing techniques depend heavily on the
availability of the target steering vector. 

The situation is not as simple for distributed arrays. Given an
antenna array with largest dimension D, operating at wavelength
λ, the distance to the far field must satisfy three criteria [5]:

Using typical values for distributed apertures, D=200m, λ=
0.03m, implies that the far field begins at a distance of approx-
imately 2700km. Clearly both targets and interfering sources
are not in the far field. This fact requires that any analysis of
waveform diverse apertures start “from scratch”. The notion of
steering vector still exists, but now depends on both angle and
range, i.e., each point in space corresponds to in its own steer-
ing vector. Furthermore, coherent processing of the signals over
the distributed array with frequency diversity requires true time
delays, as opposed to the phase shifts used in narrowband pro-
cessing. Formulating the steering vector requires accounting for
all these issues. 

2.1 System Model and Steering Vector 
The abstract model of the distributed aperture using frequen-
cy diversity is as follows: The array is assumed to comprise N
elements distributed over the x - y plane, at points (xn, yn), n
=1,...,N.  Each element in the array transmits a coherent
stream of M linear-FM pulses, with common bandwidth B
with pulse repetition interval (PRI) Tr.  However, each element
transmits at a different central frequency fn, n = 1,...N.  The
transmission scheme uses true time delay to focus on a look-
point (Xt,Yt,Zt). This is in contrast to airborne radar wherein a
transmitting array uses phase shifts to transmit in a look direc-
tion. The return signal at all N frequencies is received and
processed at all N elements, i.e., the return signal over space,
time and frequency can be written as length N2M vector. 

The receiver uses true time delay to coherently process all N
frequencies. Denote as

the distance of the look point to the nth element. The time
delay used the nth element on receive is
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where c is the speed of light.  This is the time delay introduced
to the signal at the nth receive element. By using true time
delay, the normalized response at the N elements due to all N
frequencies for a target at the look point is just a vector of ones,
i.e., the space-time-frequency steering vector, s, is given by

where ⊗ denotes the Kronecker product, fd the target Doppler
frequency, st the length-M temporal steering vector as in [4]
and ssf the length-N2 space-frequency steering vector of ones.

2.2 Interference Model
As in the case of airborne radar [4], interference here is mod-
eled as the sum of many low power sources.  However, due to
frequency diversity and true time delay, interference model is
far more complex than in the airborne radar case.  We begin by
deriving the contribution for an individual interference source
for one frequency fn.  The transmitted signal over M coherent
pulses with pulse shape up(t) is given as

where ψ is a random phase shift.  The received signal at ele-
ment i due to this transmitted signal at frequency fn is

where Ac is the complex amplitude, with random phase (also incor-
porating ψ) fdc the Doppler frequency of the interference source and

is the delay from the lth interference source to the ith element.
After down-conversion and delaying the signal by ΔTi, the
baseband signal at element i is

After matched filtering with the time reversed pulse shape,
the signal becomes

The final integral is recognized as the ambiguity function of
the pulse shape evaluated at the interference source Doppler fdc.
Therefore,

where x(τ,f) is the ambiguity function of the pulse shape up(t) eval-
uated at delay τ Doppler f.  Sampling this signal every t = kTs cor-
responding to each range bin and using  

Finally, given Nc interfering sources at location   

with corresponding Doppler frequency          , the received
signal the ith element on the mth pulse at frequency fn is

Note that ΔTi, defined in Equation 4, remains the delay from
the look point to the ith element.

3. Numerical Simulations
This section presents the results of numerical simulations using
the model developed above. In keeping with the nascent nature
of this research area, the examples are preliminary in nature
focusing on non-adaptive processing. They serve to illustrate
the importance of frequency diversity and the need for range
dependent adaptive processing. The first example illustrates
the “beampattern” of the matched filter processing.  Note that
since the steering vector is range dependent, this is not the tra-
ditional sense of beam pattern. The second example illustrates
the need for frequency diversity. The first two examples do not
include any interference. The final example includes interfer-
ence and illustrates the need for adaptive processing.  

All examples use the same parameters, shown in Table 1.
The array uses a nominal center frequency of 10 GHz.  In the
table, Tp refers to the duration of each linear FM up-chirp.  The
frequency offset is the difference between carrier frequencies of
the N transmissions.  The array elements are uniformly distrib-
uted in the x – y plane on a square 200m x 200m grid.  The
interference-to-noise ratio (INR) is relevant only if interference
data is included in the simulation.

3.1 Example 1: Beampatterns
The first example illustrates the transverse and “radial” beam
patterns, i.e., in the x- and z- directions.  Figure 1 plots the
beampattern along the x-direction. The figure plots the output,
using matched filtering, for various values for the transverse
dimension. The figure shows that the array has an approximate
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beamwidth of 25m in the transverse direction. Note that the
target is 200km distant from the array in the radial, z-direction.

Figure 2 plots the beampattern along the radial z-direction.
From the figure, the range resolution is approximately 2m.  In
both cases, the distributed aperture, coupled with frequency
diversity, shows remarkably good resolution in both radial and
transverse directions.

3.2 Example 2:  Need for Diversity
This example illustrates the need for frequency diversity.  Fig-
ure 3 plots the beampattern in the transverse direction.  Note
the closely spaced grating lobes.  The range dependence of the
steering vector results in a very small decay in the grating lobe
level further away from the target location Xt.  However, clear-
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Figure 1. Matched filter processing along the transverse, x-
direction.

 

Figure 2. Matched filter processing along the radial, z-
direction.
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Figure 3: Matched filter processing along the transverse
direction (equally spaced sub-apertures/no frequency offset).
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ly the decay is inadequate for purposes of target detection.  Fig-
ure 4 plots the beampattern in the transverse direction for an
irregularly spaced sub-aperture and with frequency diversity.
The combination of sub-aperture spacing and waveform diver-
sity has eliminated the grating lobes.

Figure 5 plots the beampattern in the radial z-direction.  As
expected, grating lobes do not occur.  However, note the signif-
icantly reduced range resolution as compared to Figure 2.

3.3 Example 3:  Including Interference
The final example illustrates the effect of interference.  Inter-
ference is modeled as a spherical cluster of 104 low power
interfering sources offset from the target location by 1.6 km.
The radius of the cluster is set to 400m.

Figures 6 and 7 plot the results of non-adaptive process-
ing.  Figure 6 plots the output statistic as a function of the
transverse, x-direction, while Figure 7 plots the output sta-
tistic as a function of the radial z-direction.  As is clear from
both figures, the strong interference completely buries the
weak target.

Figure 8 plots the modified sample matrix inversion
(MSMI) statistic [4] as a function of the transverse x-direc-

tion.  This adaptive processing is implemented using only a
single pulse, not the entire data cube.  This is necessitated by
the fact that the interference is spatially limited, i.e., the
interference occupies only a few range cells, limiting the
available secondary data for covariance matrix estimation.
However, even with a single pulse, adaptive processing iden-
tifies the target within the strong interference.
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Figure 4: Matched filter processing along the transverse
direction (irregularly spaced sub-apertures/frequency
diversity).

 

Figure 5:  Matched filter processing along the radial, z-
direction, no frequency offset.

Figure 6:  Matched filter processing along the transverse, x-
direction, includes interference.

Figure 7:  Matched filter processing along the radial, z-
direction, includes interference.

 

Figure 8:  MSMI statistic versus transverse x-dimension,
includes interference.
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3.4 Experimental Verification
A distributed aperture radar system was built.  Five sub-aper-
ture systems were constructed and distributed with irregular
spacing over a 250-foot aperture length.  Employing a 6000-
foot test range, a target was driven across the sub-aperture
mainbeam and in front of an interference source.  Waveform
diversity was employed and the target detected close to the
angle of the interference (well within the sub-aperture main-
beam).  Figure 9 shows the results, which are a scaled version
of those shown in Figure 4.

4. Conclusions and Future Work
This paper has taken the initial steps toward developing adap-
tive processing for distributed aperture, frequency diverse,
arrays.  The steps are parallel to those undertaken in the 1990s
that proved successful in the development of STAP for airborne
radar, starting with the development for a data model [4].  Start-

ing from the realization that the target and interfering source are
not in the far-field of the array, this paper develops a data model
accounting for range dependence while accounting for true time
delay for multiple frequency bands.  The numerical examples
illustrate the importance of having such a data model.  The data
model is used here to estimate the beampattern and beamwidths
in both the transverse and radial directions.

The numerical results also illustrate the crucial differences
from STAP for airborne radar and the work remaining to devel-
op a good understanding of adaptive processing for distributed
apertures.  As the third example shows, in crucial interference
scenarios of interest, the availability of secondary data is a cru-
cial issue.  It is, therefore, likely that available adaptive algo-
rithms, developed for airborne radar, are not relevant to the
application at hand.  The long-term goal of this effort is the
development of adaptive algorithms specifically for distributed
aperture, frequency diverse, arrays. EMC
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Abstract: It is well known that cellular business has been
increasing exponentially in the last decade.  With the huge
increase in the number of cellular users, capacity of the exist-
ing cellular system has become an issue.  In this paper, a novel
approach is presented that provides for a significant increase in
the number of users in multi-user DSSS Systems.

I. Introduction
Using code division multiple access (CDMA) techniques, it is
possible to have multiple users which simultaneously transmit

information over a single channel. This is achieved by use of a
different spreading code for each user. Ideally the spreading
codes in a multi-user DSSS system are orthogonal. There is
then zero interference between users provided that the data
streams are synchronized. However, in practice, the spreading
codes are only approximately orthogonal because the number of
codes that are strictly orthogonal for a given length is very lim-
ited and, in addition, the data streams of multiple users are not
likely to be synchronized. As a result, the variance of the deci-
sion statistic at the output of the correlation receiver is not
zero. This variance, which limits the number of users for a pre-
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specified probability of error, is found to be [1]

Where ⊗ denotes convolution, (K1 – 1) is the number of inter-
fering users, Tdo is the bit duration, and Wsk (f) and Wvo (f) are
the power spectral densities (PSDs) of the transmitted DSSS
signals and the correlating signal at the receiver, respectively,
and are given by [1,2]

Tck, Pk, and fck in Eq. (2) are the chirp duration, average power,
and carrier frequency of the kth DSS interferer, respectively,
while Tco and fco in Eq. (3) are the chirp duration and carrier fre-
quency of the desired DSSS signal, respectively. Invoking the
central limit theorem, the interference statistic is modeled as a
Gaussian random variable. The probability of error is then
given by [1,2]

and Po is the average power of the desired DSSS signal. 
As seen from the interfering signal variance expression given

in Eq. (1), analytical calculation of this variance is a very diffi-
cult task.  The kth integral involves the convolution of Wsk (f)
with Wvo (f), given by Eqs. (2) and (3), respectively, weighted by
the square of a sinc function.  Each of the power spectral densi-
ties in the convolution consists of the squares of sinc functions.
Therefore, the integrand of the kth integral involves products of
the square of sinc functions. Closed form evaluation of such an
integral is not known. However, this difficulty can be overcome
by upper-bounding the squared sinc terms in the variance inte-
gral with truncated cosine squared functions.  Having made this
approximation, the approximated PSDs of the transmitted
DSSS signals can be expressed as

where the rectangular function is

Using the identical reasoning that led to the approximations
in Eq. (6),   Wvo (f) and G(f) = [Tdosinc(fTdo)]2 can be approxi-
mated in the same manner.  The approximations for  Wvo (f)
and G(f) are then given by

and

Substitution of the approximations, defined above, into the
kth term in Eq.(1), the variance due to the kth interferer is
approximated by 

This is a general result that can be used whether or not the
desired and interfering signals have the same carrier frequencies
and bandwidths. Now this general result is utilized to deter-
mine the co-channel and adjacent channel interference vari-
ances, which are needed for the capacity analysis of spectrally
overlapping DSSS channels. 

Consider a case where a single interfering DSSS signal and
the desired DSSS signal have identical carrier frequencies and
bandwidths (i.e., fck = fco and Tck = Tco). By using Eq.(10) the co-
channel interference variance is found to be 

where Lo = Tdo/Tco is the processing gain.
For adjacent channel interference variance, consider the case

where a single interfering DSSS signal has the same bandwidth
as the desired signal but a carrier frequency spaced half a band-
width from the desired signal carrier frequency (i.e., fck = fco +
1/Tco and Tck = Tco). The adjacent channel interference variance
is found to be

Having obtained the co-channel and adjacent-channel inter-
ference variances, attention is devoted to a novel technique
which provides for a significant increase in the number of users
in multiple-users DSSS systems. The technique is based on divi-
sion of the DSSS channel into a number of sub-channels. 

Consider a multiple user DSSS system assigned to a single
channel of bandwidth, B1. The maximum processing gain for
each user is achieved by spreading its spectrum to fill the entire
channel bandwidth. Consequently, in multiple user DSSS sys-
tems, each user has maximum bandwidth, B1, and the same car-
rier frequency, fco, located at the center of the channel. For sim-
plicity, assume each user has the same average power, Po. Given
the processing gain and the prespecified probability of error, it
is possible to determine the maximum number of users. We
refer to this case as having a full channel spectral allocation and
denote the maximum number of users by K1.  For the same
channel of bandwidth, B1, the question arises as to whether it is
possible to allocate each user’s spectrum in a manner different
from the full channel allocation so as to increase the number of
users beyond K1.

II. Full Channel Spectral Allocation
In order to establish the notation to be used, the full channel
spectral allocation case is discussed first. This case serves as the
base line. Here all users have the same bandwidth equal to the
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Ĝ(f) = T 2
docos2(

πfTdo

2
)Π(

f

2/Tdo
). (9)

σ2
k ≈

∫
∞

−∞

[Ŵsk
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channel bandwidth, B1, and the same center frequency, fco. In
addition, each user is assumed to have the same average power,
P0. The maximum number of users is denoted by K1. This
number is evaluated under the condition that the same pre-
specified probability of error for each user is not exceeded. 

Since the bandwidth of a rectangular pulse is equal to the
inverse of its pulse width, the processing gain can be also
expressed as

where B1 and Bd are the bandwidths of the chip and data
pulses, respectively. The variance due to a single interferer is
given by Eq. (11). Because the interferers have the same
average power and processing gain, the variance due to the
(K1 – 1)interferers is 

where statistical independence between the users is assumed.
The maximum number of users is determined by increasing K1
to its maximum value such that the pre-specified probability of
error is not exceeded.

III. Overlapping Sub-Channels
Now assume that the entire channel of bandwidth B1 is divid-
ed into m non-overlapping sub-channels of bandwidth Bm =
B1/m and (m – 1) overlapping sub-channels having the same
bandwidth Bm but centered at the cut-off frequencies of the
non-overlapping sub-channels. Therefore, a total of (2m – 1)
sub-channels of bandwidth Bm subdivide the original channel
of bandwidth B1. Fig. (1) illustrates the case for which the
channel of bandwidth B1 is subdivided into four non-overlap-
ping sub-channels (m=4) plus three (m-1=3) additional sub-
channels to produce 7 overlapping sub-channels. As

Figure 1: The case for which m=4 (a) 4 non-overlapping sub-

channels (b) 3 additional sub-channels (c) 7 overlapping sub-
channels can be seen from Fig. (1), a desired signal now experi-
ences interference from both other users in the same sub-chan-
nel (i.e., co-channel interference) as well as those in the neigh-
boring sub-channels (i.e., adjacent channel interference). For
simplicity, a worst case situation is analyzed where it is assumed
that all desired users suffer adjacent channel interference from
the sub-channels on both sides even though the end-channels
experience interference from only one side. Once again, the
objective is to maximize the number of users such that the
probability of error experienced by each user does not exceed the
common prespecified probability of error. Using symmetry and
neglecting end-channel effects, the maximum number of users
allowed within each sub-channel is equal and is denoted by
K2m–1. Here, the subscript on K represents the presence of (2m-
1) sub-channels within the original channel of bandwidth B1.
It follows that there are (K2m–1 –1) co-channel interferers and
2K2m–1 adjacent-channel interferers. Therefore, the total inter-
ference variance is 

where Lm is the sub-channel processing gain. Observe that
each sub-channel has the same bandwidth, Bm. Consequently,
the processing gain for each DSSS users is equal and is given by

It is of interest to plot the ratio between the variances in Eqs.
(11) and (12) as a function of Lm. In particular, let

This ratio is plotted in Fig. 2.  From this figure, it is seen

Figure 2:  Plot of the ratio Rσ 2 vs. Lm
that Rσ 2 ≈ 6 for Lm ≥ 10.
Assuming Lm ≥ 10

Use of Eq. (18) in Eq. (15) yields
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Recall that K1 denotes the maximum number of users for the
single channel case such that the prespecified probability of
error for each user is not exceeded. So that this condition on the
probability of error holds for the present case of overlapping
sub-channels it is necessary that 

This requires that the ratio                                 be known.  De-
termining this ratio requires evaluation of Eq. (11) for L1 and L1/m
An analytical expression for                         is very cum-
bersome.  Hense,                           is plotted versus m in Fig.
3 to get an idea of how this ratio varies with m. Note from Fig. 3
that the relationship is approximately a straight line with 45° slope.
Hence,

Figure 3:  Plot of the ratio                            as a function
of m

Substitution of Eq. (21) into Eq. (20) yields the conclusion
that K2m-1 is the maximum integer such that

Since there are (2m-1) sub-channels, the maximum number
of users is the largest integer such that

To verify the analytical results and to gauge the accuracy
of the simplified worst-case approach, a Monte Carlo com-
puter simulation was carried out. Due to limitations of the
computing resources, the simulation assumes that the pro-
cessing gains and frequencies used for the simulation are
smaller than those used in actual practice. Fig. 4 depicts a
DSSS channel of bandwidth B1 = 12 kHz. It is assumed that
the processing gain is L1 =60 and there are a total of 78
users for the simulation. The probability of error for this
case obtained from the computer simulation is 0.064. Let-
ting m=3, the channel of Fig. 4 was subdivided into five
overlapping sub-channels of equal bandwidth as shown in
Figure 5.  With 

Figure 4:  DSSS channel before subdivision

Figure 5:  DSSS channel after subdivision when m=3

reference to Eq. (23), the maximum number of users that can
be allocated within each sub-channel is the largest integer such
that

Hence, K5 = 20.  Using a Monte Carlo simulation, the prob-
ability of error with 20 users for each sub-channel was found to
be 0.0544. The smaller probability of error is believed to be due
to the worst case approach used in the analysis. The total num-
ber of users within the entire channel is the sum of the users in
the individual sub-channels. Therefore, there will e a total of
5x20=100 users. When the channel was not subdivided, the
number of users was 78. This is an increase of 28.3%. As shown
in Fig. 6, this procedure was repeated for m=4.  Making

Figure 6:  DSSS channel after subdivision when m=4

Use of Eq. (23) K2m-1 = K7 is the largest integer such that

Thus, K7 = 15. Using a Monte Carlo simulation, the prob-
ability of error is found to be 0.0413. Once again, the effect
of our worst-case approach is seen. This yields an increase in
the number of users by 34.6 % even with our worst-case
approach. Table (1) summarizes the results for m=1,3,4,5, and
6. Note that the percentage increase in users grows with m.
The limiting case with increasing m occurs for m = 60. This
results in 119 users or an increase of 52.69%.

IV. Conclusion
As the number of users is increased, performance of the convention-
al DSSS system becomes an issue. Hence, we proposed a novel
approach that can provide a significant increase in the number of
users in a given bandwidth over that presently available. The pro-
posed technique is based on division of the entire channel into a
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Recent advances in hardware technol-
ogy are enabling a much wider
range of design freedoms to be

explored for sensor and communication sys-
tems. As a result, there are emerging and
compelling changes in system require-
ments, such as more efficient spectrum
usage, higher sensitivities, transmitter/
receiver agility, greater information content,
improved robustness to errors, etc. The
combination of these is fueling a worldwide
interest in the subject of waveform design

and the use of waveform diversity tech-
niques. This third conference in the on-
going series will continue to build on the
success of the previous two conferences by
bringing together researchers from numer-
ous diverse backgrounds and specialties to
facilitate the exchange and cross-fertilization
of ideas and research.  The WDD organizing
committee invites original contributions to
Waveform Diversity and Design in the gen-
eral areas of Communications, Radar, Sonar,
etc.  Specifically, topics to be included are:

number of sub-channels having a smaller
bandwidth than the entire channel bandwidth.
Analytical results were obtained to estimate
the number of users when the channel is divid-
ed into smaller bandwidth sub-channels. It is
seen from the analytical results and computer
simulations that the proposed approach allows
more users to be accommodated than is now
possible with the conventional single carrier
DSSS system.
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m Lm = L1

m 2m − 1 K2m−1 (2m − 1)K2m−1 BER % Improvement

1 60 1 78 78 0.0640 0

3 20 5 20 100 0.0544 28.1

4 15 7 15 105 0.0413 34.6

5 12 9 12 108 0.0614 38.4

6 10 11 10 110 0.0531 41.1

Table 1:  Increase in Number of Users for Overlapping Sub-channels
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