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SAR image formation

• SAR: imaging in all weather, day and night

• Raw echoes s(τ, η) must be focused

• Range Doppler Algorithm: FFT → filter → IFFT

• FFT cost O(N log N): a bottleneck for large scenes

The quantum promise

The QFT acts on N = 2n amplitudes with 
O(n2) gates.

But only if the data stay coherent from 
encoding to readout.



From our previous work to this paper

Previous work: Quantum RCMC

• RCMC as a diagonal unitary gate

• Validated on Sentinel-1: 64×64 in 
isolation, 8×8 inside a classical RDA

• Rest of the RDA stayed classical: data 
read out and re-loaded

This paper: the full QRDA

• All stages in one circuit

• No intermediate measurement

• Exact equivalence with the classical 
RDA, proven and verified



The classical chain we reproduce

• Filters derived from Sentinel-1 Level-0 
metadata and ephemeris: R0, Vr, D(fη, Vr)

• G, GRCMC, Haz are all phase-only, |·| = 1

Idea

Phase-only filter = diagonal unitary 
gate

FFT = QFT



The QRDA circuit



The full QRDA: one circuit, one operator



⓪ Amplitude encoding: loading the raw echoes

Focusing effect: none yet

• Each target's energy is spread over many 
amplitudes: chirp in range, synthetic aperture in 
azimuth



① 2D FFT: inverse QFTs on both registers



② Frequency shift: one X gate

Focusing effect: aligns the filters

• Moves zero Doppler to the centre

• GRCMC and Haz depend on D(fη, Vr), defined on 
this centred grid

• Without it, each Doppler bin would receive the 
correction of another frequency



③ Range compression gate UG

Focusing effect: range

• The echo is a chirp eiπKt² of length Tp: its 
spectrum has a quadratic phase

• Gk is the conjugate phase: only the linear phase
of the target delay remains

• After the range IFFT ⑤: a sharp peak instead of 
a chirp



④ Quantum RCMC gate URCMC

Focusing effect: removes range migration

• Range drifts with Doppler, R ≈ R0/D(fη): a curve 
across range cells

• The shift depends on p, so the gate is controlled 
by the azimuth qubits



⑤ Back to the range time domain

Focusing effect: range focusing completed

• IFFT → QFT (no dagger), then Πτ = X on q1

• The products of ③ ④ appear in range time: 
targets compressed and straightened

• Data now in the range-Doppler domain



⑥ Azimuth compression gate UH

Focusing effect: azimuth

• A target at R0 carries the azimuth phase history 
e−4iπ R₀ D(fη)/λ

• Haz cancels it: only the linear phase of the 
azimuth position remains

• Depends on R̃k and fη,p: acts on all qubits



⑦ Azimuth IFFT and readout

Focusing effect: the image

• Πη (X on q3) undoes the shift of ②

• The linear phase left by UH becomes a peak at 
the target position

• QFT scale factors cancel, unitary after encoding: 
‖sac‖ = ‖s‖



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 Na × Nr Qubits Relative error Max. phase diff. 1 − F Time

4 × 4 4 5.0 × 10−16 7.9 × 10−16 rad < 10−15 0.05 s

16 × 16 8 1.0 × 10−15 3.9 × 10−15 rad < 10−15 0.03 s

64 × 64 12 2.8 × 10−15 6.2 × 10−14 rad < 10−15 0.04 s

256 × 512 17 2.9 × 10−15 6.2 × 10−13 rad < 10−15 0.3 s

1024 × 8192 23 3.8 × 10−14 3.1 × 10−12 rad < 10−15 17 s



Real data: a Sentinel-1 stripmap image from a 23-qubit circuit

• 1024 × 8192 subset: 8.4 million amplitudes on 23 
qubits

• Range compression with the full chirp

• Same image as the classical RDA
• Difference ≤ −270 dB from the peak (relative 

error 3.8 × 10−14): floating-point rounding



Limitations and the road ahead

Limitations

• Readout: intensities need many shots, phases need interferometric readout

• Noise-free simulation only; memory ∝ 2n, 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

• log2 N qubits

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



Thank you

Questions?
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