Quantum Range-Doppler Algorithm

An End-to-End Quantum Circuit for SAR Image Formation

Mohamad El Moussawi?, Ali . GHANDOUR?, Khalil Al Salahat?
The 6th International Electronic Conference on Remote Sensing, 19 October 2026

1. Geoinformatics Engineering Students at Politecnico di Milano, Italy
2. National Center for Remote Sensing, Lebanon



SAR image formation

* SAR:imaging in all weather, day and night The quantum promise

* Raw echoes s(t, n) must be focused The QFT acts on N = 2" amplitudes with
* Range Doppler Algorithm: FFT - filter > IFFT O(n?) gates.

e FFT cost O(N log N): a bottleneck for large scenes But only if the data stay coherent from
encoding to readout.



From our previous work to this paper

Previous work: Quantum RCMC This paper: the full QRDA

* RCMC as a diagonal unitary gate e All stages in one circuit

e Validated on Sentinel-1: 64x64 in * Nointermediate measurement
isolation, 8x8 inside a classical RDA .

Exact equivalence with the classical
* Rest of the RDA stayed classical: data RDA, proven and verified
read out and re-loaded
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The classical chain we reproduce
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e Filters derived from Sentinel-1 Level-0
metadata and ephemeris: Ry, V,, D(f,, V)

* G, Ggeymo Hg, are all phase-only, |-| =1

Phase-only filter = diagonal unitary
gate

FFT = QFT



The QRDA circuit



The full QRDA: one circuit, one operator
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@ Amplitude encoding: loading the raw echoes
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@ 2D FFT: inverse QFTs on both registers
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@ Frequency shift: one X gate
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@ Range compression gate U
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(4) Quantum RCMC gate Ugcpyc
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@ Back to the range time domain
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* IFFT - QFT (no dagger), then M. =X on g,

* The products of @ @ appearin range time:
targets compressed and straightened
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@ Azimuth compression gate Uy
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@ Azimuth IFFT and readout
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Focusing effect: the image
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Results



Validation: QRDA = classical RDA to machine precision

Sentinel-1A stripmap S2, HH, 18 March 2015. Filters from the Level-0 metadata and orbit.

Subset N_ x N,

4 x4

16 x 16

64 x 64

256 x 512
1024 x 8192

Qubits

4

3
12
17
23

Relative error
5.0 x 10716
1.0 x 1071°
2.8 x 1071
2.9x 107
3.8 x 10714

Max. phase diff.
7.9 x 107%% rad
3.9 x 10" rad
6.2 x 1074 rad
6.2 x 10713 rad
3.1x107*? rad

1-F
<1071°
<1071
<1071
<1071
<1071

Time
0.05s
0.03 s
0.04 s

0.3s

17 s




Real data: a Sentinel-1 stripmap image from a 23-qubit circuit
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* 1024 x 8192 subset: 8.4 million amplitudes on 23

Same image as the classical RDA
qubits

* Difference £-270 dB from the peak (relative
« Range compression with the full chirp error 3.8 x 107*): floating-point rounding



Limitations and the road ahead

Limitations
* Readout: intensities need many shots, phases need interferometric readout

* Noise-free simulation only; memory « 2", the number of pixels

Directions
* IW / TOPS mode: antenna-steering correction as extra gates

* Noise studies on realistic hardware models



Conclusions

* A complete Quantum Range-Doppler Algorithm: every RDA stage in one circuit,
no intermediate measurement

* log, N qubits

e Equivalent to the classical RDA to machine precision,real Sentinel-1 stripmap data
up to 23 qubits



Thank you

Questions?
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