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OFF-AXIS TARGET ILLUMINATION

IN RADAR OVER-SEA TRACKING USING

AN ACTIVE PHASED ARRAY ANTENNA

Subject and Purpose. This paper addresses the challenge of measuring the angular coordinates of over-sea low-altitude targets
and strives to improve the measurement accuracy of radar systems that employ high-resolution algorithms implemented through
active phased array antennas (APAAs). The primary purpose is to substantiate the effectiveness of off-axis target illumination in
the context of sea clutter and multipath. Off-axis target illumination reduces the depth of the probing-signal interference fading
over the radar-to-target path. The investigated illumination method focuses on mitigating errors in target angle measurements by
multi-channel methods based on high-resolution algorithms, such as root-MUSIC. One of the main spoilers of measurement accu-
racy when using those algorithms is the noise in the radar receiving channels. Off-axis target illumination helps avoid a deep fade
of the signal, thereby enhancing the signal-to-noise ratio (SNR) in the receiving channels of APAA-equipped radar systems, which
contributes to target tracking stability despite destructive multipath interference.

Methods and Methodology. The study employs computer simulations within a multipath radio-wave propagation model for a
rough sea surface, allowing for both specular and diffuse reflections. The power distribution of diffuse reflections and their mapping
along the propagation path are evaluated using the empirical glistening-surface model, the most advanced to date.

Results. Quantitative assessments of the effectiveness of off-axis target illumination have been obtained in the context of fading
conditions produced by multipath radio wave propagation over the sea surface. The optimal illumination angles have been identi-
fied. They help avoid deep fades over a wide range of sea states. These optimal angles are confined within 0.6 to 0.75 of the beam-
width of the radiation pattern. The lower end of the indicated range refers to the diffuse sea clutter, and the upper end corresponds
to the specular reflection of the probing signal. In the most adverse cases, a gain in the SNR reaches 6...8 dB.

Conclusions. It has been confirmed that off-axis illumination allows decreasing the depth of the illumination signal fades,
which ensures more stable target tracking by angular coordinates. Recommendations for selecting off-axis illumination angles have
been formulated.

Key words: illumination level, off-axis illumination, active phased array antenna (APAA), low-altitude target, rough sea surface,
multipath propagation, elevation angle, antenna pattern, computer modeling.

Introduction region above a disturbed sea. One promising ap-
proach to addressing this issue involves high-reso-
A current challenge for modern multichannel radar  lution methods implemented using antenna arrays.
systems is enhancing the angle measurement accu- In our previous works, we emphasized the effective-
racy for airborne objects tracked in the near-surface  ness of elevation-angle estimation algorithms, particu-
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larly root-MUSIC [1] and Matrix Pencil [2], which sig-
nificantly mitigate the effects of multipath interference.
According to research results in [3], the employment
of these algorithms significantly reduces measurement
errors within the elevation range 0.2—0.25 to 20,
where Q5 is the half-power beamwidth of the anten-
na pattern synthesized by the array aperture.

However, despite their high robustness to mul-
tipath interference, the indicated methods may fall
short in estimation accuracy under elevated levels of
internal noise in the radar receiving channels [3]. To
guarantee measurement accuracy, maintaining a suf-
ficient signal-to-noise ratio (SNR) is essential. In this
study, the SNR is defined as the direct signal power
received at each channel input from the target and re-
lated to the internal noise power at those inputs. For
a pinpoint isotropic retransmitting target, the SNR is
assumed to be the same in all receiving channels.

In active radars, one possible way to boost per-
formance is to increase the target illumination level.
This paper examines one implementation of this ap-
proach, which does not require increasing the pro-
bing signal power but improves reception energy
conditions by adjusting the illumination geometry.

1. Off-axis illumination under
multipath propagation

The amplitude of the received direct signal bounced
off a flying target is determined by the target illumi-
nation power and is proportional to the magnitude
of the vector sum of the amplitudes of the direct pro-
bing signal and its sea clutter multipaths. Depen-
ding on the phase relationships of these components,
which change as the target moves away from the ra-
dar and are additionally affected by the sea state and
sea clutter, the illumination level has fluctuations,
and so do the signal-to-noise ratios (SNRs) at the in-
puts of the reception channels.

The most critical situation arises from negative
interference between direct and specular signals. In
this case, the resultant signal amplitude drops sig-
nificantly. This not only makes accurate angular co-
ordinate measurements more difficult but also re-
duces the likelihood of target detection. To address
these issues, various methods have been proposed in
the literature, a brief overview can be found in [4].
In particular, the likelihood of interference-induced
fading can be reduced by using multiple operating
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frequencies [5] or by adjusting radar antenna heights
[6]. Another known approach involves increasing
the received signal level by switching the probing
signal polarization, which helps maximize the radar
cross-section of the target [7].

However, implementing the aforementioned
methods in multichannel APAA-based radars poses
significant technological challenges. To name a few, it
is essential to achieve high-precision matching of the
phase-amplitude and polarization characteristics of
the channels across wide frequency ranges. Or high-
speed responsivity is required from the control sys-
tem to detect and track maneuverable or fast-moving
targets.

Understandably, there is a pressing request for
simpler instrument solutions. The current work is
based on the oft-axis target tracking approach previ-
ously proposed [8] for monopulse radars. In it, once
the target drops below a specified elevation angle, the
antenna system gets fixed in a steady position, and
the elevation angle is estimated when an error sig-
nal appears.. This mode allows reducing wavefront
phase distortions caused by specular returns in the
"target-radar” segment, thereby reducing the angle
measurement error.

Contemporary high-resolution systems generally
manage the task of accurate angular tracking even in
environments with multipath interference. Off-axis
illumination is mainly important as a practical way
to enhance target illumination when negative inter-
ference occurs in the "radar-target" segment. To as-
sess the effectiveness of this approach, the present
study aims to gather quantitative characteristics of
the off-axis method under typical conditions, imply-
ing different sea states, various target altitudes above
the sea surface, and elevation angles smaller than the
antenna pattern beamwidth, where the application
of high angular-resolution algorithms is particularly
appropriate.

2. Initial conditions and research
methodology

The present study uses computer simulation. A ver-
tical linear phased array antenna with equidistant
transmit-receive modules can be considered as an
APAA. This is acceptable because:

e direct and specular signals illuminating the tar-
get propagate in the same elevation plane that passes
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through the vertical axis of the active phased array,
while diffuse reflections extend beyond it quite sub-
tly [9];

e the radiation patterns of one-dimensional and
two-dimensional arrays coincide in that plane when
the used aperture weighting functions are identical.

This simplifies the modeling process with no loss
of generality.

A rectangular aperture weighting function is used
in the modeling. It best matches an APAA of a rec-
tangular shape because it provides the highest radia-
tion power when all active elements operate at their
maxima. It also creates the steepest slopes in the ac-
tive phased-array pattern, which helps increase the
level of illumination on a target by suppressing sea
clutter.

The effectiveness of off-axis target illumination
is evaluated by comparing illumination levels with
those produced by the direct target illumination.

The evaluation parameters are:

e operating wavelength 4 is 3.2 cm;

e APAA vertical size is 2.5 m;

e half-power beamwidth ®, 5 of the synthesized
transmitting antenna is 0.65°;

e APAA centre height h, above the mean sea le-
vel is 25 m;

e target heights h, above the mean sea level are 5,
10, and 15 m;

o target elevation ¢ ranges from 0.25 to 0.750 5;

o for the target elevation ¢ interval 0.25 to 0.750 5,
target distances D are 590 to 1760 m at a 5 m target
height, 1170 to 3500 m at a 10 m height, and 1760 to
5200 m at a 15 m height;

e root mean square 0y, of wave heights is 0.065 m
(sea states 1—2), 0.12 m (state 2), 0.21 m (states 2—3),
0.32 m (states 3—4), and 0.54 m (states 4—5) [10].

As the considered problem concerns the radio
wave propagation near the sea surface at grazing an-
gles much smaller than the Brewster angle, it is safe
to assume that for both vertical and horizontal po-
larizations, the sea clutter coeflicient is nearly unity
in the undisturbed sea case, and the reflection phase
is close to 180°.

According to Vvedensky’s formula, the path dif-
ference between the direct and specular rays is
A =2h;h, /D and becomes A=2h,e as e=h,/D.
Since A, =const in this study, one should bear in
mind that the same-type interference extrema on
all the considered paths will correspond, with suf-
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ficient accuracy, to the same elevation angles of the
target. The path geometry used in the study is shown
in Fig. 1.

Because randomness is imposed on the illumi-
nation levels by the sea swell, their comparisons are
made based upon distribution quantiles at orders
0.01 and 0.001. Each distance quantile is calculated
using a sufficiently large number of independent re-
alizations of the illumination signal field.

Formulas (1) and (2) below determine each ran-
dom field intensity E as follows,

E(D) =

N
zzEn(D)Gn exp{—jkr,sin[ B(D)—e(D)]}, (1)

n=1

where E, is the field intensity that the n-th APAA
element creates at the target location; N =156 is the
number of APAA elements; k= 271/ A is the wave
number; 7, = d(n— (N + 1)/ 2) isthe n-th APAA ele-
ment displacement from the APAA centre; d=4/2 is
the distance between adjacent APAA elements; G,, is
the value of the aperture weighting function at the
n-th APAA element; ¢ and f3 are, respectively, the ele-
vation angles of the target and the main lobe axis of
the synthesized radiation pattern, both measured
relative to the direction toward the "effective hori-
zon", defined as the bisector of the angle formed by
the directions to the target and target specular image.
For off-axis illumination, B(D)= const. For direct
illumination, B(D) = &(D).

The field intensity created at the target location by
the n-th APAA element was calculated as:

S
E,(D) = E&#(D) + ES*/(D) + Y EI (D), (2)

s=1

where § is the number of diftusely reflecting adjacent
segments obtained by dividing the "glistening surface"
along the propagation path; s is the index of the seg-

ment; E,Sdi’), E;SP“), Egd,’ﬁ ) are the total field intensi-
ty components produced by the n-th APAA element,
corresponding, respectively, to the direct ray, the spe-
cular return, and the ray from the s-th segment. The
calculation of these signals was performed using the
methodology developed by the authors in [11] and
based on the "glistening surface" theory [9, 12].

The study proceeds through four stages. First,
signal field realizations are computed using equa-
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Fig. 1. The path geometry

tion (2) for a selected sequence of distances. The
spacing between them is chosen to capture detailed,
distance-dependent illumination-level variations
caused by the interference between the direct and re-
flected signals. At each sea state and various APAA
and target height combinations, a sequence of opera-
tions is carried out as follows:

1. The initial distance D is specified.

2. The instant coefficients, p, and py, of specu-
lar and diffuse reflection are calculated based on
the instant distance D, root mean square o, of wave
heights, APAA height h,, and target height h, above
the sea level.

3.The E{") and E{P°) data arrays are computed.

4. Given a specified maximum slope of 0.05 radi-
ans of sea surface irregularities, the boundaries of the
"glistening surface” participating in diffuse reflection
are identified. This glistening surface over the propa-
gation path is divided into approximately 30 m-long
diffusely reflective segments.

5. Each segment is assigned to random local dif-
fuse-reflection parameters, including: the reflection
point locations (equiprobable along the segment)
and the reflection coeflicient with quadrature com-
ponents obeying the normal distribution. Based on
the local parameters of the segments, an Egd,’{ﬁ( ) array
is calculated for the current realization of local seg-
ment parameters.

6. Using equation (2), the realizations of the field
intensity E, (D) created at the target location by each
of the N elements of the APAA are computed.

7.Steps 5 and 6 are repeated until the specified
number of independent realizations at the current
distance is reached. In the considered case, their
number was 50 thousand.
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8. The next distance D is taken, and steps 2 to 7 are
repeated until the whole set of distances is processed.

The first-stage realizations of the signal field
E, (D) are stored in a database and will be used later
in the calculations at various target illumination an-
gles. This reduces computational effort and improves
the comparison of the results at different angles.

At the second stage, formula (1) is used to calcu-
late the target illumination level versus distance and
for different illumination angles 8. To implement
off-axis illumination, the B values were selected
from the range ¢ to 0.90, 5 and taken as a sequence
of 0.050 5 increments to achieve the strongest tar-
get illumination at the critical points, i.e., in the field
minima vicinities. Meanwhile, distance dependences
for direct target illumination were also calculated at
the same initial data.

In the subsequent presentation, the illumination
levels are expressed relative to the free-space illumi-

N
nation level E (D)= ZE,(qd"r) (D)G,,, with the nor-
n=1

malized values in the form E (D) = E(D)/ EO (D).

The third stage renders statistical processing of the
normalized values to obtain quantiles that bound the
domains of their most probable values. Of use are the
quantile pairs Qyo; — Q99 and Qo1 — Qo.999-

At the fourth stage, an analysis is conducted on the
distance dependences of the lower illumination-level
bounds at different off-axis angles, addressing the
two tasks:

1. The optimal off-axis illumination angle is de-
termined for each scenario studied. To do this, from
each group of dependences at fixed sea state and tar-
get height but different illumination angles, the one
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Fig. 2. Distance dependences of the levels of illumination on
a 10 m high target at different sea states

Table 1. Direct illumination levels
at the field minimum under different sea states

oy, (m) Ps Pd E* (dB)

0.065 0.95 0.06 -9.9

0.120 0.86 0.15 -11.6

0.210 0.65 0.30 -13.4

0.320 0.40 0.39 -11.2

0.540 0.21 0.40 -8.9
254

whose lower boundary of the field interference mini-
ma is the highest is chosen.

2. The gain in off-axis target illumination at the
field interference minima is determined relative to
the direct illumination level.

3. Discussion of the research results

Figure 2 presents target illumination levels versus
distance for a 10 m target height. These levels are
shown as shaded areas bounded above by the quan-
tile Qg 999 and below by the quantile Qg g; . The light
and dark grey plots indicate, respectively, direct il-
lumination and off-axis illumination at optimal an-
gles. The plots were obtained for oy, values ranging
from 0.065 to 0.54 m. The distance dependences of
the coefficients p, and p; under the same conditions
are seen in Fig. 3.

The levels of direct target illumination are charac-
terized by periodic fluctuations that increase with the
distance to the target and are driven by two factors:
on the one hand, the specular reflection coefficient
increases, and on the other, the angular separation
between the target and its mirror image decreases.
The first factor stems from the grazing angle decrease
at the specular reflection point. The second is asso-
ciated with the specular image direction movement
to the APAA pattern maximum, where the slope in
elevation angle is the flattest. As a result, the antenna
gain coefficients in the target and its mirror image
directions converge, leading to deeper signal fading.

Notice that the deepest fading occurs in the sea-
state transitional region specified by the change-
over from specular to diffuse reflection. This is evi-
dent from Tab. 1, which lists the illumination levels
corresponding to the field minimum at a 3.1 km
range (& =0.280,5) under different sea state condi-
tions. The deepest fading is observed at sea state 2—3
(0,=0.21 m).

In contrast to direct illumination, the off-axis
method is applied in an area where the antenna pat-
tern is characterized by a steep slope and away from
the main lobe maximum. Consequently, at the field
minima, the difference between the direct and re-
flected signals increases, which underlies the effec-
tiveness of the off-axis illumination. The price to pay
is the decrease in illumination level at the field maxi-
ma, but it is considered a low priority in the current
task context.
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The key evidence for applying the off-axis me-
thod is the AE=AE " gain increase against direct
target illumination. To determine it, use Fig. 2, d as
a guide. Having processed the simulation results co-
vering the initial conditions listed above, we con-
clude that off-axis illumination is effective with-
in an elevation angle range of approximately 0.5 to
0.60 5 . Furthermore, the farther the target moves
on, the lower the target elevation angle, and the bet-
ter the off-axis illumination effectiveness. This is cru-
cial for maintaining a sufficient signal-to-noise ratio
as the target recedes.

The gain in target illumination at optimal angles is
viewed in Fig. 4 for a 10 m high target. The plots in
Figs. 4, a and b were obtained by comparing the 0.01
quantiles and the 0.001 quantiles, respectively. Each
curve is constructed by five points corresponding to
the illumination minima within the elevation angle
range 0.25 to 0.50 ;. Importantly, the outcomes for
the 5 and 15 m high targets are identical to those of
the 10 m high target issues in Fig. 4, providing very
similar quantitative and qualitative characteristics.

Let us examine the outcomes related to optimal il-
lumination angles. In selecting optimal angles, prio-
rity was given to the gain in target illumination at
the far-field interference minimum corresponding to
the elevation angle ¢ =0.280, 5, which, as previously
noted, was consistent across all target heights. The
optimal illumination angles are listed in Tabl. 2.

As seen from Tab. 2, in situations characterized by
relatively strong specular reflection, the optimal an-
gle is 0.750, 5 . This value nearly coincides with a de-
viation of 0.7480 5 from the main lobe peak, where
the slope of the pattern main lobe is maximum.

Additionally, according to Tabl. 2, as the sea sur-
face roughness and, correspondingly, diffuse reflec-
tion increase, the optimal off-axis angle decreases to
0.60, 5 . To interpret this effect, take up a hypothe-

Table 2. Optimal off-axis angles 8
as fractions of the main lobe width © 5

hy (m)
oy, (m)
5 10 15

0.065 0.75 0.75 0.75
0.120 0.75 0.75 0.75
0.210 0.70 0.75 0.75
0.320 0.60 0.70 0.75
0.540 0.60 0.65 0.70
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tical scenario, assuming that there is no specular re-
flection, and the diffuse reflection along the whole
path is at a maximum, the reflection coefficient being
pa=0.4. In this case, the optimal illumination angle
is 0.60, 5. The same optimal illumination angle va-
lues were obtained for the target height #,=5 m and
wave height 0j, 2 0.32 m (see Tab. 2), i.e., nearly in
the context of hypothetical case conditions. Indeed,
in these situations, the reflection coefficient values in
the vicinity of the far-field minimum (D = 1.55 xm
and € =0.280) ;) are as follows:

e for 0,=0.32 m: p,=0.21 and p;=0.4;

e for 0,=0.54 m: p,=0.11 and p;=0.4.

This closeness is attributed to that the grazing
angles 9, and, hence, the sea surface roughness pa-
rameters are significantly larger at h;=5 m than at
h;=10 m, and the more so at #,=15 m. And that the
grazing angle ¢, = (h, + h;)/D with h, >> h, is larger
than at the other target heights is caused by shorter
ranges at the same elevation angles.

Conclusions

A method of off-axis target illumination has been
proposed and investigated for low-altitude over-
sea target tracking by radar systems possessing ul-
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[TO3AOCBHOBE OITPOMIHEHH LIJII
III]T YAC PAIIOJIOKAIIIMHOI'O CYIIPOBOAY HAJT MOPEM
3 BUKOPVICTAHHSM AKTUBHOI ®A3SOBAHOI AHTEHHOI PEIIITKM

ITpenmer i MeTa po6oTi. Po60Ty npucBsiueHo mpo6iemi nifiB1ieHHs TOYHOCTI BUMipIOBaHHA Ky TOBIX KOOPJMHAT MaJ/IOBM-
coTHMX Liineit Hax MopeM y PJIC, 1110 BUKOPUCTOBYIOTh aITOPUTMY BUCOKOI PO3MIiNIbHOCTI, peani3oBaHi Ha OCHOBI aKTMBHUX
(baszoBanux anTeHHyx peuritok (APAP). OcHoBHa MeTa JOCIIKEHHS — OOIPYHTYBaHHS epeKTUBHOCTI 103a0CbOBOTO OIPO-
MiHEHHA IIi/li B yMOBaX 6araTopoMeHeBOTO BiJOMTTA pafioXBMU/Ib Bij IOBEPXHi MOPA, IO JO3BOJIAE 3MEHIINTY TTUOMHY
iHTep¢epeHLiTHNX 3aBMIUPAHb 30H/YIOUOT0 CUTHAIY Ha AULstHLi nommpenHs Bix PJIC go uimi. [JocmimxysaHmnii cioci6 ompo-
MiHEeHHsI CIIPSIMOBAHMII Ha 3HIDKEHHsI IOXMOOK Y BUMIPIOBaHHI KYTOBMX KOOPAMHAT I1i/li PV BUKOPMCTAHHI 6araToKaHasb-
HIX METOJiB, 3aCHOBAHIX Ha a/ITOPUTMAX BUCOKOI pO3JiiibHOCTI, 30KpeMa root-MUSIC. [l Takux afropuTMiB IIyMU IIPK-
iimanbHMX KaHazis PJIC € ofiHi€10 3 TOIOBHUX IPUYMH 3HIDKEHHA TOYHOCTI. [To3aocboBe OnpoMiHEHHS [J03BOJIA€ YHUKHYTU
[/IMOOKMX 3aBMUPAHDb CUTHAITY, TVM CaMMM IiBUIIYI04YN ClIiBBigHOMeHHs curHan/uryM (SNR, Bix aurL. signal-to-noise ratio)
y npuitManbHux KaHanax PJIC 3 AQAP, mo cripuse crabimbHOMY CyIIpOBOJAY LI B YMOBaX HeCIPUATINBOI iHTepdepeHii
6ararorpoMeHeBIX CUTHAIB.

Mertopau Ta MeTORONMOTiA. [JOCTi/)KeHHA BUKOHAHO 3 BUKOPUCTAHHAM KOMIT I0TEPHOTO MOJIeTTIOBaHHA. B eKcIiepyMeHTax
3aCTOCOBYBAJIACS] MOJE/Ib OAraTOIpPOMEHEBOro MOIIMPEHHs PafioXBI/Ib HaJj 30YPEHOI MOPCHKOIO IOBEPXHEI), sKa Bpa-
XOBYE fAK Ji3epKa/bHe, TaK i AudysHe BifOUTTA. Posmopin moTyxHOCTi AudysHOTro BiOMTTA Ta FOTO MONTOXKEHHS B3TOBXK
TPacK pO3paxOBYBaINCA BIAIOBIAHO O eMITiPMYHOI MOJie/Ti «O/IMCKY40l IOBEPXHi», sIKa HA CbOTOJHI BBAXKAETHCS HAOI/IbII
TOCKOHAJIO.

Pesynbraru. OTprMaHO KinbKicHI OLjiHKM e(heKTMBHOCTI I103a0CHOBOr0O ONMPOMIHEHHS I1iJIi B yMOBaX 3aBMUPAaHb, BUK/INU-
KaHMX 6araTorpoMeHeBVM MOIIMPEHHAM PaflioXBI/Ib Hajl MOpeM. BusHa4eHO ONTHUMAaIbHi Ky TV OIIPOMiHeHHs, AKi J03BOIA-
I0Th YHUKHYTH IIMOOKUX 3aBMUPaHb y IIMPOKOMY Jialla3oHi CTaHiB MOPCHKOi IIOBEPXHi. [XHi 3HAUeHHS epebyBaoTh y fia-
na3oni 0.60...0.75 Bij mMpyHYN fiarpaMy HalPpaBeHOCTi BUIIPOMiHIOBaHHA. [Ipy iboMy HIDKHA MexKa flialla30HY BiflTIOBiflae
nudy3HOMY BiffOUTTIO 30HAYIOUOTO CUTHATY Bifi 30ypeHOl MOBEpXHi MOps, a BepXHs — A3epKaabHOMY. 36inbuieHHsa SNR y
HAO/IbII HECTIPUSTIIMBUX BUIIAfIKaX focsrae 6...8 1b.

BucHoBku. PesynbTaTu BOCTIIPKEHHSA MifITBEPXKYOTh MOXK/IMBICTD BUKOPUCTAHHSA MO3a0CHOBOTO OIPOMIHEHHS JIA
3MEHIIIEHHs [IMOVHYU 3aBMUPAHHS 30HAYIOYOTO CUTHAY, 110 3abe3redye OUIbLI CTabiMbHMII CYIPOBIA Li/i 3a KYTOBUMMU
kooppuHaTamu. CHopMyIbOBaHO peKOMeH/ALII 1110710 BUOOPY KyTiB I103a0CHOBOTO OIMPOMiHEHHSI.

Knouosi cnosa: piseHv onpomiHeHHsI, N03a0Cbo8e ONPOMiHeHHs, akmueHa gaszosana anmenHa pewimka (ADAP), manosu-
COmHa Uinb, 30ypeHa nosepxHsI Mops, bazamonpomerese NOUUPEHHS, Kym Micys, 0iazpama HANpaeseHocmi, Komn'romepHe
MOOeTIBAHMHSL.
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