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EXTENDED OPTIMAL FILTERS FOR
ADAPTIVE RADAR SYSTEMS USING
BINARY CODES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to and the benefit of the
filing of U.S. Provisional Patent Application Ser. No. 61/370,
773, entitled “Extended Optimal Filters for Adaptive Radar
Systems Using Binary Codes”, filed on Aug. 4, 2010, and the
specification thereof is incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable.

INCORPORATION BY REFERENCE OF
MATERIAL SUBMITTED ON A COMPACT DISC

Not applicable.

COPYRIGHTED MATERIAL

Not applicable.

BACKGROUND OF THE INVENTION

1. Field of the Invention (Technical Field)

The present invention relates to extended optimal filtering
methods, systems, apparatuses, and computer software for
adaptive on-transmit pseudorandom noise radar waveforms.
Embodiments of the present invention thus simultaneously
provide low sidelobe level and spectral purity without degrad-
ing the main peak of the auto-correlation function.

2. Description of Related Art

In radar applications, appropriate transmit waveforms are
of vital importance for target detection, non-ambiguous esti-
mation of range and range-rate, accuracy, resolution, and
clutter rejection. Therefore, the radar designer has to carefully
examine and choose the transmit waveforms to achieve the
desired objectives of the intended system. In general, the
optimal design involving both hardware and software com-
ponents usually perform optimally under specific operational
conditions for which the system was designed. The perfor-
mance of such a system may degrade if the operational envi-
ronment undergoes an adverse change. Examples of such
environmental degradation could include, among others,
increasing noise level, changing propagation channel, jam-
ming or interference(s), the nature of the targets, and so on.
The radar system should, therefore, be capable of dynami-
cally adjusting system parameters to optimize its perfor-
mance. Adaptive techniques such as antenna beamforming or
space-time adaptive processing, mainly at the receiver end,
have been tried to mitigate these effects.

At the transmitter end, the adaptive-on-transmit (AT)
methodologies based on the waveform design constitute the
biggest family of AT approaches. The concept of AT is not
new, having been considered at various stages in the past.
Technological advances over the last couple of decades in
generating and manipulating digital waveforms have pro-
vided further impetus to real-time AT waveforms. AT meth-
odologies can be further subdivided into waveform selection
and waveform design. In the first case, the parameters of the
transmitted signal can be adaptively selected from a pre-
defined set. In the second case, the parameters are dynami-
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2

cally estimated according to the changing operational envi-
ronment, thereby demanding large computational power.
Both AT techniques, selection or design, are further con-
strained by the system hardware limitations. The trade-off
between the system capabilities and the waveform-based AT
approach makes it much harder to design an optimal perform-
ing system under all operational conditions.

Waveform-filter pair is yet another AT technique that has
been developed to overcome the constraint imposed upon the
waveform selection and/or design technique. This technique
has an additional advantage in terms of the sidelobe reduction
of the auto-correlation function (ACF) for systems utilizing
noise-like pseudorandom binary sequences (PRBS, also
called PN or m-sequences). PRBS waveforms offer certain
performance advantages over other deterministic waveforms.
These include low probability of detection (LPD) and inter-
cept (LPI), better immunity to external electromagnetic inter-
ference (EMI), improved spectral efficiency, and immunity to
jamming. A pictorial representation of a waveform-filter pair
is illustrated in FIG. 1. In that technique, an input digital
binary code is transformed into a new code via a matrix
transformation A. This matrix acts on some features of the
original code, as the sidelobe level noise, so it can be seen as
a filter. The resulting output is a new code, called reference
code. In a typical radar system, the use of PRBS, however,
gives rise to high correlation sidelobes (SL) also called code
self noise. SL is a well known problem in radar and commu-
nication systems that use binary sequences. The code self-
noise makes it harder to detect the weaker echoes from
smaller targets, thereby limiting the dynamic range of the
radar system utilizing such waveforms. Different techniques
have been proposed to minimize the SL level; these include
windowing, coding, mismatched filtering, and others. Overall
system performance can attain real-time enhanced detection
performance by dynamically adapting the parameters of the
transmitted waveforms such that SL reduction is achieved.
Adaptive SL mitigation technique is however linked to the
length M of the sequence. Although, varying the sequence
length M to reduce the SL level can be seen as an effective AT
technique, subject to hardware constraints, it usually works in
trade-off with the spectral purity of the transmitted waveform.
In general, binary sequences have significant out-of-band
spectral leakage and are not spectrally clean or fully band-
limited. Spectrally clean transmitted waveform is, however,
an important design issue, if emission control levels must be
respected. It also influences other system operational fea-
tures, such as LPD and LPI.

There is thus a need for a method and system which simul-
taneously provides low sidelobe level and spectral purity
without degrading the main peak of the auto-correlation func-
tion.

BRIEF SUMMARY OF THE INVENTION

The present invention is of a method for transmission and
detection in an adaptive-on-transmit (AT) system operating in
the electromagnetic spectrum, comprising: determining a
waveform-filter pair; and employing the waveform-filter pair
in transmission and detection; and wherein two or more are
provided of the group consisting of an auto-correlation func-
tion sidelobe level reduction proportional to a the filter length,
K, or better, an out-of-band spectral suppression of at least
about 40 dB, and a frequency spectrum power tail power
decay of K-4 or better. In the preferred embodiment, all three
are provided of an auto-correlation function sidelobe level
reduction proportional to a the filter length, K, or better, an
out-of-band spectral suppression of at least about 40 dB for
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pseudorandom binary sequences (PRBS), and a frequency
spectrum power tail power decay of K-4 or better. No distor-
tion of the auto-correlation function peak occurs. Symmetric
codes can be employed, most preferably Barker codes and/or
Golay sequences. Non-symmetric codes can be employed,
most preferably pseudorandom binary sequences. The inven-
tion is especially useful in digital communications systems
and imaging radar systems.

Further scope of applicability of the present invention will
be set forth in part in the detailed description to follow, taken
in conjunction with the accompanying drawings, and in part
will become apparent to those skilled in the art upon exami-
nation of the following, or may be learned by practice of the
invention. The objects and advantages of the invention may be
realized and attained by means of the instrumentalities and
combinations particularly pointed out in the appended
claims.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The accompanying drawings, which are incorporated into
and form a part of the specification, illustrate one or more
embodiments of the present invention and, together with the
description, serve to explain the principles of the invention.
The drawings are only for the purpose of illustrating one or
more preferred embodiments of the invention and are not to
be construed as limiting the invention. In the drawings:

FIG. 1 is drawing illustrating a waveform-filter pair;

FIGS. 2 and 3 are graphs illustrating the auto-correlation
function (ACF) and the frequency spectrum for the cases: (i)
original Barker code with length M=13; (ii) the classical
optimal code with K=27; and (iii) the extended optimal code
with K'=104;

FIGS. 4 and 5 are graphs illustrating the ACF and the
frequency spectrum for the cases: (i) original PRBS with
length M=15; (ii) the classical optimal code with K=31; and
(iii) the extended optimal code with K'=120;

FIGS. 6 and 7 are graphs illustrating the ACF and the
frequency spectrum for the cases: (i) original Golay comple-
mentary sequences with length M=16; (ii) the classical opti-
mal code with K=32; and (iii) the extended optimal code with
K'=128;

FIG. 8 is a graph illustrating the normalized magnitude of
the ACF corresponding to the extended PRBS optimal code
with K'=120, M=15; and

FIG. 9 is a graph illustrating an example of comparison of
multipath resolution corresponding to an original PRBS with
length M=15 and the related extended optimal code with

'=120.

DETAILED DESCRIPTION OF THE INVENTION

An embodiment of the present invention relates to an
improved optimal filtering technique resulting in longer ref-
erence codes with three simultaneously improved features (or
at least two of the three) that usually work in trade-off:

1) the auto-correlation function sidelobe level is reduced in

direct proportion to the filter length, K;

2) the out-of-band spectral suppression is at least about 40

dB for Pseudorandom Binary Sequence (PRBS); and

3) the frequency spectrum tail presents a power decay

given by K=*, offering good out-of-band frequency sup-
pression.

Embodiments of the present invention provide desirable
results in binary sequences, including but not limited to pseu-
dorandom binary sequences (PRBS), Barker, and Golay
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4

complementary codes. The codes are also Doppler resistant
and offer good multipath capabilities—two features that are
not usually found in codes designed to achieve low sidelobe
levels.

Embodiments of the present invention provide an optimal
waveform-filter pair as an AT approach to simultaneously
achieve both lower aperiodic autocorrelation function (ACF)
sidelobe levels and spectrally clean waveforms with an out-
of-band suppression (OBS) level directly proportional to the
filter length K'=2-M. The outcome is a longer or extended
code. The main ACF peak, however, remains unaffected,
thereby enhancing the dynamic range of the system and its
ability to detect weaker returns. Embodiments of the present
invention are also Doppler resistant, thus resulting in an oppo-
site tendency for the waveforms designed to achieve mini-
mum ACF SL.

Classical Optimal Filters

Optimal filtering techniques can be applied to find an opti-
mal reference code q for a transmitted binary signal, s. The
cross-correlation between the original and the reference code
offers minimal ACF SL levels. This technique works well
with codes having some symmetrical or repetitive behavior,
such as the Barker codes. It, however, results in increased
ACF SL levels for codes with non-repetitive behavior, such as
complementary codes and/or PRBS. As an example, compare
in FIGS. 2 and 3, respectively, the ACF and the frequency
spectrum S(f) pertaining to a widely used M=13 bit Barker
code using both standard classical optimal filtering technique
and the extended optimal filtering method according to an
embodiment of the present invention. For standard classical
optimal filtering, a reference code q is generated, with length
K=2-M+1. The resulting ACF offers an improvement of 0.6
dB in integrated sidelobe (ISL) level compared to that of the
same original Barker code. OBS using classical filtering tech-
nique, however, worsens as illustrated in FIG. 3. If the same
classical optimal filtering technique is applied to PRBS with
length M=15 bits, a slight improvement of 1 dB is seen in the
ISL level, while the OBS increases by 1 dB. The classical
filtering technique also results in non-symmetric ACF. The
corresponding ACF is illustrated in FIG. 4, and the frequency
spectrum S(f) of the achieved code is shown in FIG. 5.

The optimal filtering technique is used to obtain the refer-
ence code q={q,} by minimizing the energy E in (3) of the
correlation between q and the original signal s={s,,} with
K=M:

y=g-A ®
Sg ... 52 05 0 .00 2)
Ae 0 sg s sp 0 0
0 ... 0 s¢ -2 S gak-n
E=y- Y =q-A-A)-q =g -A-d ®

The solution vector q that minimizes the energy E must sat-
isfy two constraints: the matrix A, .=A-A* cannot be singu-
lar, and the zero-delay peak should remain unaffected to avoid
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the ACF distortion. Therefore, (3) is solved subject to the
constraint (4):

siqfi=ss

resulting in the reference code vector q in (5),

Q)

_S-A’l-(s-sH) (5)
TrM = TR H
with length K=M.

The reduction in the SL level is proportional to the length
K; an obvious fact that larger codes yields lower SL levels. It
may also be noted in (5) that if K>M, then the original
sequence s={s,,} with length M must be filled with (K-M)
zeros, such that the elements of' s, {S,/.1, Saze1s - - - » Sgp=0. If
the null elements, {S,,, 1> Saz.15 - - - » Sz} are placed as indicated
above, it produces an asymmetrical ACF in terms of unequal
distribution of the sidelobes, resulting in large SL levels
located close to the main peak. This results in masking the
weaker returns from a target located next to a stronger target
or a stronger clutter. Therefore, the method of the present
invention distributes the (K-M) null elements in (6) such that
symmetrical and spread-out SL distribution of the resultant
ACF is achieved.

S:{O(K—Z\/I)/za Okat-1y2s -+ - ceSp e Oeag iy

Okaey2} &

Q)

This code, however, is not optimum in terms of SL, level and
OBS capabilities, even when the length K is very large.

The reference code g in (5) results in a symmetrical matrix
if it is applied to codes with some kind of symmetry or
repetitive pattern, such as the Barker code, as explained
above. For a transmit sequence with non-repetitive behavior,
such as PRBS, a redistribution of (K-M) null elements as
indicated in (6) must be adopted to achieve the symmetry. An
embodiment of the present invention thus causes a transfor-
mation of the original code s={s,,}, resulting in a new code s,

{8'oad}

M

Ifthe optimal filter process is now applied to this new code, a
reference code q'x with a length K'=2-K=2-M that follows the
expression in (5) is obtained, with s' in (7) replacing the s.
Applications of Extended Optimal Filters to PRBS

Applying the filtering code in (7) with K'=8-M, M=15,
produces the ACF and the frequency spectrum of the code
S(®), respectively, shown in FIGS. 4 and 5. It may be noted in
FIG. 4 that this embodiment of the present invention results in
ACF with a symmetrical pattern for both symmetrical and
non-symmetrical codes. The new code optimizes both ACF
and its corresponding spectrum S(f) simultaneously, thereby
providing significant OBS. Furthermore, the improvement in
the ISL reduction is equivalent to an extension of the original
signal length from M to 8M.

Simulations have been performed for different values of M
within the range [15, 2'*~1] and K'=r-(2'-M), r=1, 2, . . . note
that the ISL. improvement A, follows (8), while the OBS
improvement A, follows (9):

—
S'={S1=S2052=Sa1.1 S3~Sag2- - - Sar-Sibanr

K’ (8)
Ayt = ISLs — ISLy 10- 1og10(ﬁ) [dB]
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-continued
73

®

Apps = OBSs — OBSy 10-10g10(m

] [dB]

The parameter A 5 indicates the ratio between the levels of
the first spectral sidelobe corresponding to codes s,, and
q'xag€valuated at 1.5/T , T _ being the chip period. The value
A, tends asymptotically to =50 dB after K=32M. For S(f),
the A,z 1s about 35.5 dB for K'=8-M, ensuring a minimum
OBS improvement of 25 dB when compared to that of
K'=2-M. The S(f) power decay for the extended reference
code q'x, ,, can be evaluated using (10):

10

3M
Sqxr =20 10%10(

7= 7) @

The main benefit derived from the use of the extended optimal
filter is that both ISL. and OBS are reduced in direct propor-
tion to the ratio K'/M without distorting the main ACF peak.
The effect on both ISL. and OBS is due to the time spreading
effect of the optimal filters on the original signal. The refer-
ence code q has the same energy as in s, resulting in an
unaltered main ACF peak as in (4), and distributing the SL,
energy by a time spreading factor K'/M.
Applications of Extended Optimal filters to Golay sequences
For the Golay case, the ISL level corresponding to a perfect
code is null. So, its spectrum is band-limited to comply with
emission regulations or to decrease and/or eliminate the
detection and intercept probability. The method outlined for
the PRBS case in the previous section is also valid for Golay
complementary sequences. The expressions for A,z and the
spectrum decay for the Golay sequences can be shown to
follow (11-12):

3 (1

K
Apps = 10-log,

8M2] [dB]

(12

8M
Sqxr =20 10%10(

2 o

The ACF and S(f) corresponding to the Golay extended opti-
mal filter are illustrated in FIGS. 6 and 7, respectively.
Application of Extended Optimal Filters to Barker Codes

As illustrated in FIGS. 2 and 3, the improvement in terms
of'both ISL, and OBS is also noteworthy when the method of
the present invention is used on a 13-bit Barker code, tagged
qQ'104.13- The Az, Ay, and the spectral decay can be shown
to follow (13-15).

1

a3

Ajsr = 10-10g10( ] [dB]

2M

& (14)

K
Apps = 10-log,

W] [dB]

1s)

10M 1
Sy ko = 20-10g10( o -7] [dB]

Ambiguity Function (AF) Iy (T; V)l Corresponding to PRBS
FIG. 8 illustrates the ACF magnitude corresponding to the
PRBS extended code ./ 5,5- A good performance in both
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range and Doppler shift is observable. The spreading of the
SL energy by the spreading factor K'/M is important for this
improved performance.

Multipath Capability of Extended Reference Codes

The multipath detection capability of the original signal s,
is not affected by its transformation into the extended refer-
ence code q'x,,. FIG. 9 illustrates an example of multipath
resolution corresponding to the reference code q';50 ;5
obtained from an original PRBS with length M=15. Four
multipath components were placed at delays 2-T_, 4-T_, 6T,
and 8 T_, with amplitudes of 0.75V, 0.5V, 0.25V and 0.125V
respectively. The result shows that the new code q'x ,, offers
a multipath detection as good as the original signal s,,, and
this is even better in the case of low level amplitude echoes
that can be undetected for the original signal due to the large
intrinsic ISL value present in the PRBS.

Embodiments of the present invention simultaneously pro-
vide both lower aperiodic autocorrelation function (ACF)
sidelobe levels and spectrally clean waveforms with an out-
of-band suppression (OBS) level. The main ACF peak
remains unaffected, resulting in a larger dynamic range of the
system and better ability to detect weaker returns. Embodi-
ments of the present invention also provide a method which is
Doppler resistant, and has a good multipath capability.
Embodiments of the present invention can also be used in
real-time, futuristic, adaptive-on-transmit systems to mitigate
the SL noise due to the dynamically changing operational
environment. It would only require one to enlarge the code
length K' to achieve the desired specifications. Accordingly,
atthe receiver end, even in presence of adverse conditions, the
received signal enables an optimum information retrieval.
The no-lobule shape frequency spectrum S(f) achieved by the
extended references codes provide better immunity to exter-
nal electromagnetic interference (EMI), improved spectral
efficiency, and immunity to jamming. Accordingly, the
extended reference codes also possess narrowband features in
its frequency spectrum.

Embodiments of the present invention provide desirable
results in the fields of:

1. Digital Communications: The new and emerging radio
communications use large bandwidths to achieve higher
data rates for various applications as well as a large
number of simultaneous users. This spectrum sharing
produces several impairments such as the rejection of
users that in last-term derives into service quality deg-
radation.

The use of extended reference codes are advantageous in
terms of allowing a larger number of users that can be
simultaneously serviced by a system with minimum
interferences among them. Therefore embodiments
of the present invention can affect positively radio
budget links, transmission data rate, number of users,
service quality, etc. These codes are especially useful
in “white-spaces” applications and similar digital
communication technologies suffering from heavy
load of users and applications-sharing in over-
crowded spectrum. “White-spaces” technologies use
the spectrum gaps (or space) created by switching off
the analog TV between 500 MHz and 3000 MHz.
These spectrum gaps are designated to switch into
multi-user multi-application (MuMa) environments.
Spectrum sharing can be improved by coding com-
munications using the extended references codes of
the present invention, thus reducing the frequency
bandwidth occupied for each user and application.
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When an embodiment of the present invention is applied
to orthogonal binary codes, it increases the possibili-
ties for the MuMa technologies.

2. Extreme communications: The lowest narrow-band-like
interferences suffered by the codes of the present inven-
tion are particularly useful in communications with
large number of interferers and jammers, either natural
or man-made, for both military and non-military appli-
cations. For instance, a communication system can be
deployed in any portion of the spectrum due to the small
frequency bandwidth required by use of the present
invention, thereby avoiding interference with pre-exist-
ing systems (multifrequency allocation).

3. Imaging Radar systems: In most radar systems, the pres-
ence of SL noise would be reasonable to assume, since
the distortion of the transmitted code is not weak even
for regular operational conditions, and the frequency
bands of many radar systems can be interfered with or
jammed through the SL noise. This is the case or air-
borne radars, ground penetrating radar, through wall
imaging, etc.

For radar imaging systems (imaging radar), the range
resolution is proportional to the frequency bandwidth
used. As a result, high-resolution systems require
UWB waveforms (>500 MHz), and for such systems,
the SL noise is of great concern. The ability to use the
extended references codes with minimum SL would
greatly enhance the image quality within a given
medium.

4. Low electromagnetic interference applications: the elec-
tromagnetic interference is significantly less for the case
of extended references codes, due to the narrowband
spectrum, thus reducing potential damage to sensitive
systems. Embodiments of the present invention can also
help in providing a strict frequency mask for UWB
waveforms.

5. Safety: the use of extended reference codes can improve
significantly the safety level of critical communications,
as the ones used by surveillance agencies or homeland
security.

6. Instrumentation design: for both purposes of real-time
adaptive transmission and reception, specific instrumen-
tation can be designed and implemented. This opens a
new field of business and application.

Because embodiments of the present invention provide a
method to obtain extended reference codes with optimal per-
formance in terms of ACF ISL and OBS simultaneously,
derived from the classical optimal filtering technique and
constitutes an SL. mitigation approach for the transmitter end.
Different kinds of SL reduction techniques, including win-
dowing, coding, mismatched filtering, and other techniques
can be used. Accordingly, the extended references codes have
the advantage of narrowband-like spectrum in frequency
domain. This fact leads to features as important as low prob-
ability of detection (LPD) and intercept (LPI), better immu-
nity to external electromagnetic interference (EMI),
improved spectral efficiency, and immunity to jamming.

Table I illustrates the comparison of the ACF main peak
loss, the sidelobe reduction A, , and the OBS, A 5 s achieved
using classical windowing techniques, and the extended opti-
mal filters of the present invention. It may be observed that in
terms of OBS, the best performance corresponds to the Black-
man window. However, the extended reference codes offer
simultaneous improvement in A, and A 5¢ while retaining
the main ACF peak unaltered.

Methods of embodiments of the present invention thus
offer, among other, the following advantages:
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Simultaneous improvement in A, and A,z while retain-
ing the main ACF peak unaltered;

Extended codes can be applied to any symmetric (such as
Barker) or non-symmetric codes, such as PRBS;

These codes can be used for AT systems to respond to the
changing operational environment by extending the
length K' of the code;

A fast and simple procedure to obtain an adaptive SL
mitigation technique at the transmitter end;

The parameter K' has been found to be closely related to the
value of both ACF sidelobes and out-of-band spectral
purity. The last feature related to these codes is of impor-
tance in scenarios requiring strict OBS requirements;

Has good range-Doppler and multipath capabilities;

Provides an accurate estimate of the multipath components
present in one scenario;

It admits multi-frequency allocation due to the small occu-
pied bandwidth;

It reduces multiuser interferences;

It involves just a few instruments to conduct its generation,
based on analog-to-digital conversion jointly to FPGA
or DSP platforms, thus enabling mass production at
much lower cost;

It enables economically affordable end-products;

It is not tied to a particular system, rather it is portable and
can be used for any system and applications mentioned
in paragraph [0033]; and

Itis independent of the type of binary code to be considered
in the input.

TABLE I

COMPARISON OF VARIOUS FILTERING
AND WINDOWING TECHNIQUES

Sequence
PRBS (M = 15)/Golay (M = 16)/
Barker (M = 13)

ACF peak
attenuation Aogs Assr.
Parameter [dB] [dB] [dB]
Window  Rectangular 0/0/0 -2.04 0/0/0
type Hamming 0.73/1.36/0.73 255 -2.93/0/2.67
Hanning 0.664/1.78/0.67 16.5 -2.76/0/2.46
Blackman 0.577/2.39/0.57  41.5 -3.07/0/2.73
Kaiser (p=2m)  2.76/4.41/2.76  30.5 -2.97/0/2.67
Classical optimal qg_gar, 127 0/0/0 1/1/-1  3.32/-156.29/0.9
Extended optimal q'x_gazar 0/0/0 35.5/30/37  9/-154.23/6

Embodiments of the present invention are particularly use-
ful for companies involved in digital communications, such
as mobile, wireless and radio broadcasting service providers;
manufacturers of military and civil radars with application in
air traffic control, ground penetrating radar; companies
involved in manufacturing medical imaging equipment; com-
panies involved in radar imaging; companies involved in
security systems, civilian as well as military; the manufactur-
ers of portable and handheld radio devices for military appli-
cations because of the frequency allocation possibility; the
multiuser facility can be applied in applications with duty
load of spectrum sharing; the medicine instrumentation
manufacturers’ field—it would represent an important oppor-
tunity to improve the radiotherapy treatments; the theoretical
improvement in the radar imaging (MRI) quality can become
an invaluable improvement for this medical diagnosis tool.

Embodiments of the present invention can provide a com-
petitive advantage to a manufacturing company engaged in
marketing RF and Microwave systems, thereby positioning
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such a company as a leader in many sectors related to the
application fields of this invention described in paragraph
[0033]. It also enables the subject manufacturer to design and
manufacture a core hardware system that can easily be ported,
with minimal hardware changes, for various applications by
just changing the processing software and algorithms. This
becomes a full value chain: from the transmitted waveforms
to the receiver end architecture, including the signal process-
ing and presentation of the results.
In the preferred embodiment, and as readily understood by
one of ordinary skill in the art, the apparatus according to the
invention will include a general or specific purpose computer
or distributed system programmed with computer software
implementing the steps described above, which computer
software may be in any appropriate computer language,
including C++, FORTRAN, BASIC, Java, assembly lan-
guage, microcode, distributed programming languages, etc.
The apparatus may also include a plurality of such computers/
distributed systems (e.g., connected over the Internet and/or
one or more intranets) in a variety of hardware implementa-
tions. For example, data processing can be performed by an
appropriately programmed microprocessor, computing
cloud, Application Specific Integrated Circuit (ASIC), Field
Programmable Gate Array (FPGA), or the like, in conjunc-
tion with appropriate memory, network, and bus elements.
Note that in the specification and claims, “about” or
“approximately” means within twenty percent (20%) of the
numerical amount cited. All computer software disclosed
herein may be embodied on any computer-readable medium
(including combinations of mediums), including without
limitation CD-ROMs, DVD-ROMs, hard drives (local or net-
work storage device), USB keys, other removable drives,
ROM, and firmware.
Although the invention has been described in detail with
particular reference to these preferred embodiments, other
embodiments can achieve the same results. Variations and
modifications of the present invention will be obvious to those
skilled in the art and it is intended to cover in the appended
claims all such modifications and equivalents. The entire
disclosures of all references, applications, patents, and pub-
lications cited above are hereby incorporated by reference.
What is claimed is:
1. A method for transmission and detection in an adaptive-
on-transmit (AT) system operating in the electromagnetic
spectrum, the method performed on a processor and compris-
ing the steps of:
identifying and selecting an input binary code of length M;;
determining a waveform-filter pair (K',M) by deciding fil-
ter length K' as an entire multiple of M based on an
a-priori desired auto-correlation function sidelobe level
reduction, out-of-band spectral suppression, and fre-
quency spectrum power tail power decay, wherein the
same are parameterized as a function of K' and solvable
a-priori for real-time AT system performance;

determining an intermediate code s" with length K' and
formed by interleaving an original code s, a skew-sym-
metrical flipped version of s, and a symmetrical distri-
bution of (K'-M) null elements that zero-pads a start and
end of s";

determining an extended code q' by using a transformation
matrix A, wherein q' results in a symmetrical and spread-
out sidelobe distribution of a resultant cross-correlation
function of the outcome code q; and

employing the waveform-filter pair in transmission and

detection; and

wherein two or more are provided of the group consisting

of an auto-correlation function sidelobe level reduction
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proportional to a the filter length, K, or better, an out-of-
band spectral suppression of at least about 40 dB, and a
frequency spectrum power tail power decay of K™* or
better.

2. The method of claim 1 wherein all three are provided of 5

the group consisting of an auto-correlation function sidelobe
level reduction proportional to a the filter length, K, or better,
an out-of-band spectral suppression of at least about 40 dB for
pseudorandom binary sequences (PRBS), and a frequency

spectrum power tail power decay of K™ or better.
3. The method of claim 1 wherein Golay sequences are

employed.

4. The method of claim 1 wherein the system is a digital

communications system.

5. The method of claim 1 wherein the system is an imaging 15

radar system.

6. A method for transmission and detection in an adaptive-

on-transmit (AT) system operating in the electromagnetic
spectrum, the method performed on a processor and compris-
ing the steps of:

20

identifying and selecting an input binary code of length M;

determining a waveform-filter pair (K'M) by deciding filter
length K' as an entire multiple of M based on an a-priori
desired auto-correlation function sidelobe level reduc-
tion, out-of-band spectral suppression, and frequency

12

spectrum power tail power decay, wherein the same are
parameterized as a function of K' and solvable a-priori
for real-time AT system performance;
determining an intermediate code s" with length K' and
formed by interleaving an original code s, a skew-sym-
metrical flipped version of s, and a symmetrical distri-
bution of (K'-M) null elements that zero-pads a start and
end of s";
determining an extended code a' by using a transformation
matrix A, wherein q' results in a symmetrical and spread-
out sidelobe distribution of a resultant cross-correlation
function of the outcome code q; and
wherein the system generates an auto-correlation function
sidelobe level reduction proportional to a the filter
length, K, or better, an out-of-band spectral suppression
of at least about 40 dB, and a frequency spectrum power
tail power decay of K™ or better.
7. The method of claim 6 wherein Golay sequences are
employed.
8. The method of claim 6 wherein the system is a digital
communications system.
9. The method of claim 6 wherein the system is an imaging
radar system.



