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Low Probability of Intercept Antenna Array
Beamforming

Daniel E. Lawrence, Member, IEEE

Abstract—A novel transmit array beamforming approach is
introduced that offers low probability of intercept (LPI) for
surveillance radar systems employing phased array antennas.
Radar systems are often highly visible to intercept receivers due
to the inherent two-way versus one-way propagation loss. In this
paper, the traditional high-gain antenna beam scanned across a
search region is replaced with a series of low-gain, spoiled beams.
Keeping the transmit antenna gain low reduces the radar visi-
bility, but the radar’s antenna performance remains unchanged
as the original high-gain beam can be formed by processing the
set of spoiled beams. Large transient power density radiated in a
traditional scan is replaced with low power density persistently
radiated at the target throughout the scan time. The detection
performance of the radar is not affected since the total energy
on the target is the same. Derivation of the complex weights to
synthesize the high-gain patterns from the low-gain basis patterns
is presented for both one-way and two-way beam patterns.

Index Terms—Antenna arrays, beamforming, low-probability of
intercept, radar.

I. INTRODUCTION

O N the modern battlefield, active surveillance radars are
highly vulnerable to detection and exploitation by op-

posing forces. The ongoing battle between radar systems and
the electronic devices used to exploit, degrade, or prevent radar
operation has been termed electronic warfare (EW) and is di-
vided into two broad categories: 1) Electronic support measures
(ESM) and 2) electronic counter-measures (ECM). The distinc-
tion between the two is simply that ESM is typically used to
search, identify, record, and analyze radiated radar signals for
potential exploitation during military operations, while ECM
involves the active approaches taken to degrade radar’s effec-
tiveness [1], [2]. An ESM device could be realized as a basic
radar warning receiver (RWR), but ESM is often cast in terms of
the broader category of electronic intelligence (ELINT) encom-
passing both tactical and strategic information gathering [3], [4].
In this paper, the term ESM is used to denote any EW device
used to intercept the radar transmission and potentially enable
harmful ECM techniques.

In light of the significant threat presented by ESM receivers,
there has been a growing trend towards the development of
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low probability of intercept (LPI) radar systems. The under-
lying weakness of any monostatic radar system, whose theo-
retical performance is dictated by the radar range equation, is
the classic two-way ( ) versus one-way ( ) propaga-
tion loss experienced by the radar and intercept receiver, respec-
tively. The ESM receiver always has the upper hand when it
comes to received power, and in most cases will be able to in-
tercept the radar transmission well beyond the radar’s detection
range. To overcome the inherent disadvantage of the radar, a
number of techniques have been developed to reduce the radar
visibility and enhance LPI performance. Many of these tech-
niques are well documented in the open literature [5]–[15]. In
general, the capacity to reduce radar visibility relies on three key
areas: 1) spreading the energy in time with high duty cycle wave-
forms; 2) spreading the energy in frequency with wide band-
width waveforms; and 3) spreading the energy in space through
broad transmitter antenna beams. Often combinations of these
techniques are used together to improve performance.

Perhaps the most common LPI technique employs the use of
high duty cycle, wideband waveforms. Phase modulated CW,
FMCW, frequency hopping, and random waveforms have all
been reported in terms of their LPI qualities [16]–[23]. There is
an upper limit, however, on the bandwidth extent that is feasible
to spread the transmitted waveform. If the bandwidth of the
radar waveform is increased such that individual scatterers on
the target are resolved in range, then the detection performance
of the radar becomes compromised offsetting the benefits
of LPI [24]. In conjunction with waveform design, transmit
antenna modifications can also improve LPI performance. A
novel switched antenna approach, called antenna hopping, has
been proposed [25]. Fielded radar systems often use irregular
scan patterns to reduce susceptibility to receivers that use scan
rate information for detection. Additionally, suppressing an-
tenna sidelobe levels reduces the probability of being detected
in a sidelobe region. Even with suppressed sidelobes, however,
a high gain scanning main beam is still likely to be detected.
Thus, it is desirable to keep the transmit gain low to reduce
the peak power available to an ESM receiver. To accomplish
this, a corresponding increase in integration time is needed to
compensate for the lost gain. In [26] a technique is introduced
that applies a broad beam transmit antenna to reduce the peak
radiated power and is referred to as the omnidirectional LPI
(OLPI) radar. Specifically, an omnidirectional transmit antenna
is used in conjunction with multiple, narrow beam receive
antenna channels to cover the desired surveillance field of view.
To make up for the lost transmit gain, the integration time is
increased to be the same as what the scan time would have
been for a traditionally scanned, high-gain transmit antenna

0018-926X/$26.00 © 2010 IEEE



LAWRENCE: LOW PROBABILITY OF INTERCEPT ANTENNA ARRAY BEAMFORMING 2859

Fig. 1. Reduction of ESM receiver intercept area when the peak radar transmit
antenna gain is reduced by 10 dB.

beam [27]–[29]. The main drawback of this approach is the
need for simultaneous receive beams which, for large arrays,
significantly increases hardware complexity.

In this paper, a beam-spoiling technique is introduced to pro-
vide good LPI performance that can be implemented with only
a single receive antenna channel without sacrificing antenna
gain. Rather than scanning a high-gain transmit beam, a series
of low-gain spoiled beams covering the desired surveillance re-
gion are formed sequentially. The sequence of low-gain beams
comprise a set of basis patterns that can then be weighted and
coherently combined to form an ensemble of high-gain beams
scanned across the prescribed field of view. In this way, the
peak power radiated in any direction is significantly reduced
while maintaining the same antenna performance as a traditional
surveillance radar with scanned high-gain antenna. In essence,
low power persistently radiated over the surveillance area has
replaced the transient high power sweep. To the author’s knowl-
edge, the LPI beamformer technique presented here is novel
and offers the potential to significantly reduce the visibility of
modern surveillance radar systems.

It should be noted that a radar system enhanced by the LPI
technique described here still might not be able to detect a target
before being detected itself. Rather, the term LPI is used to de-
note that the intercept range of an ESM receiver has been greatly
reduced or, equivalently, that the probability of intercept has
been reduced at a particular standoff range. The potential impact
of an LPI beamformer is illustrated in Fig. 1. It is shown that a
reduction of 10 dB in the radar’s transmit antenna gain brings
in the maximum intercept range of the ESM receiver by a factor
of , equating to a factor of 10 reduction in the intercept
area. Using the methodology presented in this paper, however,
the radar detection range remains unchanged while limiting the
intercept area of the ESM receiver.

In what follows, a novel technique for spoiling the radar an-
tenna pattern through judicious choice of phase shifter settings
is described with the goal of enhancing LPI performance. The
principle is initially applied in Section II to a one-way pattern
in order to derive the fundamental beam spreading and recom-
bination equations. It is demonstrated that complex weights can
be applied to the set of spread patterns to synthesize any of

Fig. 2. �-element linear phased array antenna. � denotes the phase shifter
setting for the �th element.

the desired high-gain, scanned patterns. Many radar applica-
tions use the same antenna for transmit and receive and, thus,
the equations are extended in Section III for the two-way an-
tenna pattern. Finally, an implementation discussion is provided
in Section IV followed by a summary of the work in Section V.

II. ONE-WAY PATTERN SYNTHESIS

In this section, the high-gain pattern synthesis approach is
presented for a set of low-gain transmit beams. When the pattern
is only affected on transmit, it is referred to as a one-way syn-
thesis. An example application of the one-way synthesis would
be a spoiled-beam transmit array combined with multiple simul-
taneous receive beams. Consider the linear antenna array shown
in Fig. 2. For a linear array of elements with uniform excita-
tion, the far-field radiation pattern is expressed

(1)

where is the free-space propagation constant, is
the array element spacing, and is the spatial angle measured
from the array broadside. It is convenient for the following de-
velopment to make a substitution for the relative phase between
elements

(2)

The fundamental array pattern is now written

(3)

The pattern in (3) is characterized by a dominant mainlobe with
high gain directed broadside to the array. The high-gain pattern
can be scanned by applying a linear phase progression across the
array. The set of scanned patterns, with the fundamental phase
scan is written

...

(4)
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Fig. 3. Fundamental basis pattern and broadside high-gain pattern comparison
for a 32 element linear phased array.

For LPI applications, it is desirable to form high-gain patterns by
a linear combination of low-gain basis patterns. A fundamental
basis pattern can be formed by applying a select phase shift
to each array element. The set of phase shift values is chosen
to create a low gain, “spoiled” beam pattern. The fundamental
basis pattern is written

(5)

An example low-gain basis pattern for a 32 element array
is shown in Fig. 3. This pattern is formed by computer op-
timization of a quadratic phase shift variation across the
elements where the goal is to minimize the gain. Details of the
phase shifter settings used for this paper are provided in the
Appendix. Other techniques to form broad beam patterns are
given in [30]–[33]. The peak gain is only 1.7 dB compared
to 15 dB for the fundamental high-gain pattern. Additional
patterns are formed by applying a linear phase progression
to the fundamental basis pattern. The phase progression is in
increments of for the 1st pattern, for the 2nd pattern and
so on. This results in steered versions of the fundamental
pattern. There are other possibilities for choosing the remaining
basis patterns, but steered versions of the fundamental ensure
linear independence. The set of basis patterns derived from the
fundamental are expressed

...

(6)

Since the basis patterns are steered versions of the fundamental,
they all exhibit low gain and broad beamwidth. The ultimate
goal of this development is to write the set of high-gain, scanned
patterns as a linear combination of the low-gain basis patterns,

. Suppose the original broadside pattern in (3) can be
written as a summation of all basis patterns where the th
basis pattern is weighted by the complex coefficient

(7)

Furthermore, suppose the remaining scanned high-gain patterns
can also be formed by linear combinations of the basis patterns
with the appropriate complex coefficients,

...

(8)

By expanding the high-gain pattern and basis patterns in (7) and
equating equal powers of , a matrix equation can be set up
for the coefficients

...
...

(9)

where the matrix is defined in (10), shown at the bottom of
the page. Using (8), the remaining set of matrix equations
can be written for the complex coefficients to form each of the
remaining scanned beams

...
. . .

...

(10)
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...
...

...
...

...

...
...

(11)

The equation set (9) and (11) can be combined into a single
matrix equation to solve for all coefficients simultaneously

...
. . .

...

...
. . .

...

(12)

Using the coefficients calculated in (12) in the synthesis (7) and
(8) allows high-gain patterns to be formed by linear combina-
tions of the basis patterns. It should be noted that once the set
of basis patterns have been formed, all steered high-gain pat-
terns can be synthesized at once. Fig. 4 demonstrates the high-
gain patterns of a 32 element array steered to 0 deg, ,
and . The patterns are formed by linear combination of
the 32 basis patterns. Again, any of the 32 high-gain patterns
can be formed once the basis patterns are available.

III. TWO-WAY PATTERN SYNTHESIS

When the same antenna array is used for both transmit and
receive, the one-way pattern formation is not sufficient since the
target return is scaled by the square of the pattern. The synthesis
of the two-way pattern is slightly more complex and is achieved
by a linear combination of two-way basis patterns. In order to
represent the two-way pattern as a summation of powers of ,
the squared version of the broadside high-gain pattern of (3) is
written

Fig. 4. Illustration of scanned high-gain patterns (solid line) formed by linear
combinations of 32 low-gain basis patterns (dashed lines) for a 32 element linear
array.

(13)

If we let , it is straightforward to show that (13) can
be expressed

(14)

where
for
for

(15)

Scanned versions of the squared high-gain pattern, having a fun-
damental phase scan , can be written

...

(16)
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Note that there are scanned patterns corresponding to the
number of terms in the squared pattern expansion. Fig. 5
shows several scanned high-gain patterns for a 32 element linear
array. The fundamental two-way pattern can be synthesized by
a weighted summation of two-way basis patterns

(17)
Similarly, scanned versions of the high-gain pattern can also be
synthesized

...

(18)

Since the squared basis patterns are used to form the squared
high-gain pattern, it is necessary to represent the squared basis
patterns in a summation of terms. The squared fundamental
basis pattern can be written

(19)

By letting , (19) can be rewritten as a summation of
weighted powers of

(20)

where

for

for
(21)

The fundamental two-way basis pattern together with the broad-
side high-gain pattern are shown in Fig. 6 for a 32 element array.
Although the two-way basis patterns are shown here, keep in

Fig. 5. Selected scanned two-way, high-gain patterns for a 32 element linear
array. The fundamental scan angle is � � ��� ���. The entire constellation of
63 scanned patterns would fill the entire angular region from ��	 ��� deg to
��	 ���.

Fig. 6. Fundamental two-way basis pattern and broadside high-gain pattern
comparison for a 32 element linear phased array.

mind that for LPI performance assessment we should only con-
sider the transmit pattern which remains a one-way pattern.

Similarly, the remaining squared basis patterns can be written

...

(22)
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where is defined in (21). Substituting (14), (20), and (22)
into the pattern synthesis equation of (17) and equating equal
powers of results in equations for the complex basis
coefficients,

(23)

In matrix form, the set of equations in (23) can be written

...
...

(24)

where the matrix is defined to be

...
. . .

...

(25)
Solving for the coefficients to form the remaining set of
scanned patterns in (18) is accomplished through a combined
matrix equation which allows simultaneous solution for the
pattern weights, see (26) at the bottom of the page. Using the
weights calculated in (26) and the synthesis equations of (17)
and (18), any of the high-gain patterns can be synthesized by
linear combinations of the basis patterns. Fig. 7 demonstrates
the high-gain patterns of a 32 element array steered to 0 deg,

, and where the patterns are formed by linear
combination of the 63 basis patterns.

IV. IMPLEMENTATION

Some discussion is in order on the practical implementation
of the LPI beamforming approach described in this paper. The
theoretical antenna performance that can be achieved after gen-
erating the set of high-gain beams from the low-gain basis pat-
terns is the same as an un-spoiled, high-gain beam scanned over
the same coverage area. Transient peak power is traded for sus-
tained low power on the target over the search region, resulting
in equivalent total energy on the target. Since the phase relation-

Fig. 7. Illustration of scanned two-way, high-gain patterns (solid line) formed
by linear combinations of 32 low-gain basis patterns (dashed lines) for a 32
element linear array.

ship between basis patterns is important, the target must remain
coherent over the scan time of the radar. For long scan times, this
may require motion compensation for the target dynamics. The
coherency requirement is the same as that required by traditional
Doppler processing over the same scan time interval. Also, if
the radar system is limited by receiver thermal noise, rather
than ground clutter for example, the two-way beam pattern for-
mulation may not have sufficient integration time to overcome
the two-way gain loss. The pattern performance remains the
same, but the resulting signal-to-noise will be lower than if a
one-way pattern formulation combined with a multi-channel re-
ceiver having high gain were used on receive.

In order to fully utilize the LPI beamforming approach in a
particular radar system, the beam switching methodology must
first be integrated with the radar waveform. A vast number of
waveforms exist for many different radar performance objec-
tives, and it is beyond the scope of this paper to address them
all. Instead, an implementation using a standard pulsed wave-
form is suggested. Specifically, consider a waveform consisting

...
. . .

... ...
. . .

...

(26)
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Fig. 8. Illustration of processing architecture to implement beamforming ap-
proach. Complex weights are applied to the matched filter output before sum-
ming across multiple PRIs.

Fig. 9. Phase taper for the fundamental low-gain basis pattern. Note that the
phase shift values are in radians and have not been wrapped.

of consecutive pulses separated by the pulse repetition in-
terval (PRI). A notional block diagram of a digital processing ar-
chitecture for this waveform is shown in Fig. 8. Here each pulse
is transmitted and received using phase-shifter settings for a par-
ticular low-gain basis pattern: beam #1 for pulse #1, beam #2 for
pulse #2, and so on. Each pulse is processed through a matched
filter and then fills a corner-turn memory where the rows repre-
sent different range samples and the columns of the corner-turn
are used to store sequential PRI data. The complex weights
calculated in (12) or (26) are applied across PRI samples and
summed. For a particular set of weights, the weighted sum-
mation forms the equivalent range return of a single high-gain
beam. Note that once the data is collected, separate returns
can be formed simultaneously by applying weights from each
column of (12) or (26). There is no extra scan time required
when compared to the traditional method of using separate
high-gain beams that scan across the same region. Other LPI
beamforming implementations are possible and could poten-
tially be integrated with waveforms also designed for LPI per-
formance. This represents a promising area of future work.

V. CONCLUSION

In this paper, a novel transmit beamforming approach is
presented that provides an LPI alternative to a traditional
scanned high-gain antenna beam. Both one-way and two-way
high-gain patterns can be synthesized by weighted combination

of spoiled, low-gain basis patterns. The obvious advantage
of the technique presented here is the significant reduction
in ESM intercept range that accompanies the reduction in
peak transmit gain. Although peak gain is reduced, the target
detection performance of the LPI beamforming approach can
be made identical to that of a traditional high-gain beam since
the total energy on the target is the same. The advantages of
using LPI beamforming come at the cost of increased memory
and processing requirements as well as restrictions on the target
dynamics since the target must remain coherent over the entire
scan time. Overall, the technique offers a promising tool that
can possibly be combined with other LPI waveform techniques
to reduce radar susceptibility and visibility in the ongoing LPI
battle.

APPENDIX

A low-gain basis pattern can be implemented by selecting
phase shifter values that provide a broad, spoiled beam. A uni-
form or linear phase variation across the array results in a high-
gain beam steered in angle proportional to the slope of the phase
variation. Alternatively, by introducing a quadratic phase vari-
ation, the beam becomes de-focused and the gain of the array
is reduced. In this paper, the phase shifter values are selected
by randomly choosing a quadratic phase slope across the array.
Then, using the randomly selected quadratic phase as a starting
value, a multi-dimensional gradient search routine is used to
minimize the gain of the array. Minimizing the gain ensures
that a broad beam is achieved. The specific phase shifter set-
tings used for the fundamental basis pattern described in this
paper are given by

These phase values are in radians. The values through
are the same as above but in reverse order. This gives a sym-
metric array excitation. A plot of the phase shifter values is
shown in Fig. 9 illustrating the quadratic nature of the phase. An-
other viable option is to randomly select the array phase shifter
settings and then minimize the gain using a multi-dimensional
gradient search.
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