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Abstract: Passive synthetic aperture (PSA) positioning method can achieve high precision and res-
olution in passive location. However, existing approaches suffer from insufficient adaptability to non-
ideal targets. In practical reconnaissance scenarios, complex pulse repetition interval (PRI) modula-
tion and periodic beam scanning of radar emitters inevitably degrade PSA positioning performance.
Specifically, periodic scanning causes block sparse observations and grating lobes, while nonuniform
PRI disrupts phase coherence across the synthetic aperture, resulting in spectral leakage and ele-
vated sidelobes. By exploiting the approximate linear frequency modulation (LFM) characteristic
and fractional-domain sparsity of Doppler signal under broadside and small squint conditions, a
fractional-domain reconstruction method based on compressed sensing (CS) for PSA positioning is
proposed. A nonuniform sensing matrix is constructed at the true sampling instants, and the full-
aperture Doppler phase history is reconstructed via orthogonal matching pursuit (OMP) for coher-
ent accumulation positioning. Simulations under uniform, stagger, and jitter PRI conditions demon-

strate effective suppression of grating lobes and spurious peaks, together with improved image con-

trast and localization accuracy over conventional PSA positioning.

Keywords: passive synthetic aperture positioning; complex PRI; periodic scanning; compressed

sensing

1 Introduction

Passive localization determines emitter position
by processing intercepted signal without active
transmission, offering advantages in stealth and
long-range detection [1]. Conventional two-step
methods based on direction of arrival (DOA),
time difference of arrival (TDOA), and fre-
quency difference of arrival (FDOA) suffer from
error accumulation [2-4]. Passive synthetic aper-
ture (PSA) positioning avoids this by directly
exploiting the full aperture phase history of the
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received signal under a moving platform, which
achieves higher localization accuracy and spatial
resolution [5-8].

Conventional PSA positioning algorithms are
mostly developed under the uniform continuous
sampling assumption, whereas modern radars
adopt periodic beam scanning and complex pulse
repetition interval (PRI) modulation to achieve
spatial coverage and electronic counter-counter
measures (ECCM) capability [9, 10], causing the
receiver to intercept intermittent and nonuni-
formly sampled pulses. This leads to elevated
sidelobe floor, grating lobes, and degraded posi-
tioning performance under conventional PSA
positioning [11, 12].

Direct interpolation methods [13] rely on

local neighborhood fitting and degrade into unre-
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liable extrapolation when inter-sample spacing
exceeds the signal’s characteristic variation scale
under sparse reception. Adaptive spectral estima-
tion followed by uniform resampling [14] intro-
duces two-stage error accumulation, as sparse
sampling causes spectral leakage in the estima-
tion step that is further propagated into the spa-
tial domain during resampling. The relative mean
deviation non uniform fast Fourier transform
(RMD NUFFT) method [15] handles stagger
PRI through azimuth and range trajectory fit-
ting, but relies on accurate prior estimates of
PRI and Doppler parameters, which are difficult
to obtain under severe pulse loss caused by scan-
ning. The fractional Fourier transform (FrFT)-
based compressive sensing method in [12] allevi-
ates ghost targets induced by periodic sparsity,
yet does not address the additional nonunifor-
mity introduced by complex PRI modulation.

To address the coupled effects of periodic
sparse reception and nonuniform sampling
induced by complex PRI, this paper proposes a
PSA positioning method based on fractional-
domain sparse reconstruction. The main contri-
butions are as follows: 1) a fractional-domain
nonuniform sensing matrix is constructed at the
true sampling instants by exploiting the sparsity
of the Doppler phase history in the fractional
Fourier domain, enabling compressed sensing
reconstruction under uniform, stagger, and jitter
PRI conditions; 2) a full aperture phase history
reconstruction and coherent back-projection posi-
tioning scheme is proposed which outperforms
conventional PSA in positioning accuracy and

focusing capability.

2 Signal Modeling and Problem
Formulation

2.1 Signal Model
A passive airborne platform moves with con-
stant velocity v along the z axis at altitude H,

with instantaneous position P, (t) = [z,, + vt,

Ypo» H]". A stationary emitter is located at P, =
[z.,7,,0]". The slant range between the receiver

and the emitter is
R(t) = ||P.(t) - P, (D

As shown in Fig. 1, periodic beam scanning
restricts signal reception to dwell windows of
duration T, within each scan cycle T.,. Let 7
denote the start time of the first dwell window
and @ the number of complete scan cycles within
the total observation interval. The periodic scan-

ning window can be expressed as
Q-1
t— To — qiz-‘scan -
m(t) = rect
( ) ; < CZ-:iwell

where rect(x) denotes the rectangular window

CZ-‘dwell/2 ) ( 2)

function, defined as

1 <1/2
rect(x) = 2] / (3)
0 otherwise
Let the mean PRI be T,, and let A, denote
the PRI offset of the nth pulse. The actual

arrival time of the nth transmitted pulse is

A =~
Y ~
/ \
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Fig. 1  Schematic of received signal
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to=nT,+6,, 6,=Y A, 4

=0

where n=0,1,---,N,—1 and N, denotes the
pulse number within the complete aperture time.
For uniform PRI, A, =0; for stagger PRI, A,
follows a deterministic periodic pattern; and for
jitter PRI, A, is a zero-mean random variable.

¢, = mod(t, — 7o, Toan) -

Then the discrete scanning indicator can be writ-

Equivalently, let

ten as

m, =m(t,) =

{:]- qb?t GE [()7 CZL“@H] ( f; )

0 otherwise

Thus, m, =1 indicates that the nth pulse
falls within a dwell window and is effectively
received, whereas m,, = 0 indicates that the pulse
is missed because of periodic beam scanning. The
defined as 2=

{n | m, = 1}, and the number of actually received

valid pulse index set is

N,—1
pulses after pulse missing is M = |2 = Z m,.
n=0

The gated received pulse sequence can there-

fore be written as
Yo = m,s,(t,) +w, (6)

where s,(t,) denotes the ideal Doppler signal
sampled at the nonuniform pulse arrival time ¢, ,

and w, denotes complex Gaussian noise.
2.2 Impact of Complex PRI and Periodic
Scanning
Complex PRI displaces pulse arrival time from
the wuniform grid, which distorts the ideal
Doppler spectrum. Specifically
You(f) = exp[—j2n(f — fi)nT)] x

nen

exp[—j2n(f — f.)d.] D

where a,(f) = exp[—j2n(f — f,)d,] represents the
impact of complex PRI modulation. For stagger
PRI, the periodicity of a,(f) gives rise to dis-
crete parasitic spectral lines. For jitter PRI, the
randomness of a,(f) weakens coherent accumula-
tion and raises the sidelobe floor.

Periodic scanning further convolves the

Doppler spectrum with a comb function spaced
at 1/1—;can

Y(f) = Z CLYPRI(f Tl > (8)

scan
l=—o0

where ¢, denotes the amplitude coefficients.

As illustrated in Fig. 2, periodic scanning
results in the translation of both the true
Doppler component and the PRI induced spec-
tral artifacts to the corresponding grating lobe

locations.

True spectrum

»
First-order spectrum t
()
True spectrum and
spectral artifacts
»
First-order spectrum t

and spectral artifacts
(b)
Fig. 2 Spectrum diagram of a third-order stagger PRI signal:

(a) continuous aperture; (b)block sparse aperture

2.3 Fractional-Domain Sparsity of Ideal Doppler
Signal
Let ¢, denote the aperture center time, and define
the reference slant range as R, = R(t.). The slant
range curvature is significant and the correspond-
ing quadratic phase is non-negligible when the
emitter is in near field. Therefore, the slant range
in Eq. (1) can be approximated by a Taylor

polynomial expansion as

R"(t.)

R(t) =R, + R (L) (t = 1) + (t—1)* =

9

v? cos? 0,

—wvsinf, (t —t,
R, —wvsiné, ( )+ SR

(=t
where the squint angle 6, satisfies sinf, =
Ls — Ty 20 = <yl'o_y5)2+H2

"R and cos” 0. —Rf .
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272
ideal Doppler signal can be approximated as an

Let 7=t—1t., where TG{— ] The

LFM (linear frequency modulation) signal
s,(1) = B, exp (j2nf,m — juT?) (10
where [, = Sexp(—j2nf.R./c). The Doppler cen-

ter frequency and chirp rate are defined as

fdz—“‘;a° (1D
2 2
n:v(;\(;; 6. (12)

For a LFM signal, the fractional Fourier
transform of Eq. (10) at the optimal rotation
angle «, = arccot (2nk) yields a dominant peak
[16]

Sa, (u) = Asinc (T, (ucscay — fi)) (13)
where A is an amplitude constant. Eq. (13) indi-
cates that the Doppler signal of a single emitter

is highly concentrated in the optimal fractional

domain as shown in Fig. 3.

A

Al
’

N s . SJOART

Fig. 3 Time-frequency projection of FrE'T

3 Proposed Positioning Algorithm

3.1 Compressed Sensing Matrix Construction

To represent the nonuniform observations within
a compressed sensing framework, the full-aper-
ture Doppler phase history is represented over a
fractional-domain CS dictionary composed of
LFM atoms defined over a uniform frequency
grid of N points. The sensing matrix is con-

structed using the actual sampling instants,

enabling sparse recovery of fractional-domain
coefficients from the M <« N available measure-
ments. The uniform frequency grid is defined as

—1—|N/2
_a-1oIN L,
T,

sa

1, N s

where T, denotes the total synthetic aperture
time and N is the number of grid points used to
represent the complete aperture.

For a candidate chirp rate x, define the con-
tinuous-time quadratic phase atom associated
with the ¢th grid point as

D, (k) = % exp(j2nf,t — jurst?) 15

Sampling Eq. (15) on t, yields the ¢gth atom

ei2nfqt1 —jurt?
1 ejznfthqnmg
wq(ﬂ) = N : (16)
€2nfqt1u—jnmt?w
Stacking all atoms in columns, the Sensing

matrix can be written as

q;ﬂ(’ﬁ) :[¢1(K)a T 7¢N(K):| =
1 amn
N exp(j2nt, f1) © exp(—jnk tiel),
Where .f: [fl)f?)"' afN]T7 tQ = [t13t27"' )tJ\I]T; ©

denotes the Hadamard product, and e, is the all-
one vector of length N.
As illustrated in Fig. 4, the observation

model can be written as
Yo = Pu(k)0+w (18)

where 6 ¢ CV*' is the fractional-domain coeffi-

cient vector and w denotes the noise vector.

0[]

E L2 L

Block 1 (| L
Block 2 i n
- = x [

Block 3 | L
Block 4 \F° Mx1 MxN |
v Nx1
Sampling instant H

Fig. 4 Compressed sensing matrix
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To further evaluate the influence of frac-
tional-domain sparsity and pulse number on
reconstruction reliability, the reconstruction suc-
cess probability is defined as

2

Nue Hé(q) — 6@

1
Pue= o 21

g=1

LIRS NS 1))
[0@]];

where N, is the number of Monte Carlo trials, 7
is the reconstruction error threshold, 8@ is the
true fractional-domain coefficient vector in the
gth trial, and 6@ is the corresponding recon-
structed coefficient vector. For example, n = 10~2
means that the normalized reconstruction error
energy is lower than 1%, corresponding to —20 dB.

As shown in Fig. 5, the reconstruction suc-
cess probability increases with increasing pulse
interception ratio p = M /N, and decreasing spar-
sity level K,. This is because a larger number of
intercepted pulses provides more sufficient obser-
vation information, making OMP more reliable in
selecting the correct support set. In contrast, a
larger K, means that more nonzero fractional-
domain components need to be recovered, which
increases the probability of atom misselection

and reduces the reconstruction success probabil-
ity.

o

1.0 W &

0.8%
0.6}
&
0.4+ K=1
—&—K,=3
0.2+ K,=5
——K,=7
—v—K,;=9
0.0k i i i i i i |
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
p=MIN,

Fig. 5 Reconstruction success probability

3.2 Passive Synthetic Aperture Positioning
The chirp rate x is estimated by maximizing the

atom response over a candidate set K

i = argmax max |¢!(Kk)yo| (200

REK 1<q<N

With & fixed, the received signal is repre-
sented by Eq. (18). Since the ideal Doppler sig-
nal can be approximated as an LFM signal, only
a few dominant atoms contribute significantly to
the representation Eq. (17) in the optimal frac-
tional domain. Therefore, the coefficient vector 6
can be estimated through sparse approximation

as

0 = argmin||0|,

o 21
st lyo — %o (R) 0] < ¢

where ¢ denotes the reconstruction error toler-
ance. Eq. (21) can be solved by OMP, which
iteratively selects the dominant atom with the
maximum response and estimates its coefficient
[17].

After obtaining the dominant fractional-
domain atoms and their coefficients, the full-
aperture signal is synthesized on the dense uni-
form grid {7,}_, by

o = D (1) O (22)

where @ (%) € C¥*Y is the synthesis dictionary
defined on the dense uniform grid. Its ¢th atom is

given by
ei2nfqT1 —jnAT?
1 ei2nfqT2 — kTS
®,(7) = (23)
ei2nfqT N —inRT Y
— — — —2 1T
where 7@ = [72,72,...,72] .

As shown in Fig. 6, for a candidate ground

position P, define the reference phase vector

2
exp (T R(7: P)

21
exp | —j~ R(72; P)
su(P) = A (24)

2
exp <—j;R(TN; P)>
where R(7,;P) denotes the geometric distance
between the platform position and the candidate
location P at slow time 7,. The emitter position

is estimated by

ref

P =arg max 18" (P) Ga|’ (25)
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P\ 7,'\‘“‘?‘“
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Distance
direction
Fig. 6 PSA positioning scenario

where (2, denotes the search region. The com-

plete procedure is summarized in Algorithm 1.

Algorithm 1 CS-based PSA positioning method

Require: intercepted signal ¥y,; sampling instants &;
chirp rate set KC; error tolerance &; uniform grid size N;
search region {2,
Ensure: estimated position P
: generate frequency grid f, via (14)
: for each k € K do
build sensing matrix ¥, (k) via (17)

compute C(k) = max |¢hly,,|
q

1

2

3

4

5: end for
6: estimate & = argmax C'(x) via (20)

7: solve (21) by OMPRto obtain

8: construct uniform synthesis dictionary ®(%)
9: compute Yy = @(/%)é via (22)

10: for each P € {2, do

11:  generate reference phase S, (P) via (24)
12: compute J(P) = |s" (P) G|’

13: end for

14: return P = arg max J(P) via (25)

tions, and G = |{2,] the number of spatial search
grids. The chirp-rate search requires approxi-
mately O(KMN) operations for computing atom
responses over all candidates. After & is deter-
mined, the OMP-based sparse recovery has a
complexity of approximately O(SMN) when
S <« N. The full-aperture synthesis using the
selected atoms requires O(SN) operations, and
the final PSA image formation requires O(GN)
operations. Therefore, the overall computational

complexity is approximately
O(KMN + SMN + SN + GN) (26)

The dominant terms are the chirp-rate
search and the spatial coherent accumulation.
The complexity can be further reduced by using

a coarse-to-fine spatial search strategy.

4 Simulation Results

To verify the proposed method, simulations are
conducted for a single emitter scenario with a
uniformly moving receiver. The emitter operates
at 9.41 GHz (X-band) in a periodic scanning
mode, and the receiver intercepts pulses only
within the beam dwell interval of each scan cycle.
Three PRI modulation modes, including uniform
PRI, stagger PRI, and jitter PRI, are considered
to evaluate the adaptability of the proposed
method to complex PRI modulation. The simula-
tion parameters are listed in Tab. 1.

Fig. 7 presents the positioning results of con-

Tab. 1 Simulation parameters

3.3 Computational Complexity
Let K = |K| the number of candidate chirp rates,
S the sparsity level or the number of OMP itera-

Parameters Value
Carrier freq. (GHz) 9.41
Platform speed (m/s) 100
Platform height (km) 10
Synthetic time (s) 10
PRI T; (ms) 3

[0.5:1.0: 1.5]T;
(1 4 30%)T;

Staggered PRI
Jittered PRI

Scan cycle Tgcan (5) 2.5
Beam dwell time Tyyey (s) 1.25
Target Ps (km) (0, 80)
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ventional PSA positioning and proposed method.
Stagger PRI produces parasitic position peaks
consistent with the theoretical prediction at 2856 m
and its multiples, as shown in Fig. 7(b). The
result for jitter PRI in Fig. 7(c) exhibits an ele-
vated background level. The grating lobe posi-
tions caused by periodic scanning in Fig. 7(d)
approximately match the theoretical prediction
Az = AR /vT,,, ~ 17.13 m.

Fig. 8 presents the positioning results after
reconstruction by the proposed method. Both
grating lobes and spurious peaks are effectively
suppressed, and the final positioning image
exhibits a well focused single peak.

Define the image contrast (IC) and peak

sidelobe ratio (PSLR) as [18, 19]

where N, is the number of grid points in the
search region, and .J denotes the mean of the
cost function. 2(P)={P = (z,y) | |z — x| < w,,
ly — ys| < w,} denotes the main lobe protection
window centered at P, where w, and w, repre-
sent the width of main lobe in azimuth and
range, respectively.

To quantitatively compare the focusing per-
formance of the conventional PSA positioning
and the proposed method, the IC and PSLR val-
ues for discontinuous radar signal under uniform,
stagger, and jitter PRI are listed in Tab. 2.

Monte Carlo simulations are conducted to

compare the positioning performance of the pro-

1 (7 (P) )2 posed method and conventional PSA positioning
— J(P)—J
No, pea, ) under varying SNR, as shown in Fig. 9. By
IC = = 27
J reconstructing the full aperture signal, the pro-
max J (P) posed method achieves smaller positioning error
PSLR =101g I (13) (28) than conventional PSA positioning, especially in
the low SNR region.
Stagger original Jitter original
90 0 0 90 . 0
- B =
~ 85 0 10 gs -10
g -15 E -15 g
= 20 < 20 = -15
?D 80 -25 E) -25 ?0 80 -20
5 -30 g =30 g f -25
= 75 35 —35 &= 75 30
—40 —40
—45 _ | -35
70 ® 70 S ® O ® &
N S S RN
S NEENNEAN INMERN N
/b 7/ 7/ /b‘ /"\, b
Azimuth X (m) Azimuth X (m) Azimuth X (m)
(a) (b) ()
€0 Uniform original %105 Stagger original <103 Jitter original %10
81.5 6 . 6

2 81.0 5 5 : 5

£ 505 4 4 . 4

N [X.Y][0.0 80.0]

2 80.0 XY [—17.080.0' I. | 3 3 . 3

£ 79.5 ) )

% 79.0 2 . 2
78.5 1 1 ) 1
78.0 .

=50 0 50 =50 0 50
Azimuth X (m) Azimuth X (m) Azimuth X (m)
(d (e) ®

Fig. 7

Positioning images before reconstruction: (a)—(c) coarse search results; (d)—(f) fine search results
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Uniform reconstructed
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(a) (0)
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79.0 79.0 3 79.0
78.5 78.5 1 78.5
78.0 78.0 . 78.0
=50 =50 50 =50
Azimuth X (m) Azimuth X (m) Azimuth X (m)
(d) ®
Fig. 8 Positioning images after reconstruction: (a)-(c) coarse search results; (d)—(f) fine search results
Tab. 2 Focusing quality comparison ing. By constructing a nonuniform compressed-
Method Indicators Conventional Proposed sensing dictionary at the actual sampling
Uniform IC 0.8532 3.1998 instants, the proposed method achieves coherent
PSLR(dB) -0.0831 -3.5316 full-aperture phase-history reconstruction under
1C 0.8629 3.1998 .. . .
Stagger periodic beam scanning and nonuniform PRI
PSLR(dB) -0.0464 -3.5336 . . .
modulation. Simulation results demonstrate that
Tt IC 0.9572 3.1684  offoct ] foonsi )
1ter -
PSLR(dB) 00004 . it effectively improves focusing quality and local
ization accuracy, and outperforms conventional
700 Position error PSA positioning in robustness under uniform,
q .. .. .
600! —e— Conventional PSA stagger, and jitter PRI conditions. This work
so0 Proposed method focuses on the single-emitter case to validate the
§400, proposed full-aperture phase-history reconstruc-
€ 300 tion under complex PRI modulation and peri-
a 2001 odic scanning. Multi-emitter positioning, which
100 involves additional challenges such as time-fre-
0 quency aliasing and target association, remains a

% -4 -2 0 2 4 6 8§ 10 I2
SNR (dB)

Fig. 9 Positioning RMSE versus SNR

5 Conclusion

This paper presents a passive synthetic aperture
localization method based on optimal fractional-

domain dominant atoms extraction and match-

direction for future investigation.
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