


90° optical hybrid (OH) to combine Rg in all four-quadratures with Sg  and a four-channel spectrometer which uses a 
gated electron-bombarded (EB)-CCD image intensifier (20 μs gate time, Q.E. of 30%, and gain of 150) to capture 
the four-quadrature spectra [Fig. 1(g) I+, I-, Q+, Q-]. Then, the in-phase (I) and quadrature-phase (Q) components of 
𝑺𝑺𝒈𝒈(𝜔𝜔) = [𝐼𝐼+(𝜔𝜔) − 𝐼𝐼−(𝜔𝜔) + 𝑗𝑗𝑄𝑄+(𝜔𝜔) − 𝑗𝑗𝑗𝑗−(𝜔𝜔)]/𝑹𝑹𝒈𝒈(𝜔𝜔) are determined by subtracting the two I-quadrature spectra 
𝐼𝐼+(−)(𝜔𝜔) ∝ �𝑹𝑹𝒈𝒈(𝜔𝜔)�2 + �𝑺𝑺𝒈𝒈(𝜔𝜔)�2 + (−)2Re�𝑺𝑺𝒈𝒈(𝜔𝜔)𝑹𝑹𝒈𝒈∗ (𝜔𝜔)�  and Q-quadrature 𝑄𝑄+(−)(𝜔𝜔) ∝ �𝑹𝑹𝒈𝒈(𝜔𝜔)�2 + �𝑺𝑺𝒈𝒈(𝜔𝜔)�2 +
(−)2Im�𝑺𝑺𝒈𝒈(𝜔𝜔)𝑹𝑹𝒈𝒈∗ (𝜔𝜔)�  followed by division by 𝑹𝑹𝒈𝒈∗ (𝜔𝜔). The subtraction removes all common noise sources. FQSD 
with this spectrometer resolution (better than 3 GHz) supports 400 ps record lengths, however Sg is intentionally 
limited to 200 ps to ensure complete characterization. After all losses (time gates, OH, spectrometer, etc.), 4×106 
photons (500 fJ) in Rg and up to 80,000 photons (<12 fJ) in Sg are incident on the EB-CCD.  

The SS-OAWM system measures Sg (a single-shot of S) every 50 ms (20 Hz rate). For each waveform, 200 shots 
of Sg are recorded for comparison of the measured waveforms’ intensity and phase fluctuations to theoretical QL 
waveforms’ fluctuations due to quantum noise (QN). To demonstrate the accuracy of the SS-OAWM technique, 
Fig. 2(a) shows a comparison between the average of 200 SS-OAWM measurements of a transform-limited wave-
form shaped using SS-OAWM feedback and independently measured spectral intensity (OSA) and phase (FROG). 
Note, the SS-OAWM measures a single-shot spectrum (Sg) which must be continuous (no temporal periodicity), 
whereas the FROG and OSA measure a repetitive waveform (S) and thus yields discrete frequency comb lines. 

 
Fig. 2. (a) Comparison of Sg measured with SS-OAWM to independent measurement of S. (b) Noise in a single spectral bin. (c,d,e,f) Measured 
cubic spectral phase waveform and QL simulations. A and B indicate systematic Rg noise introduced through partially unbalanced OH. 

Following[2], each mode of the electromagnetic field at a specific frequency  (i.e., a spectral bin for Sg or a 
spectral line for S) has a QN variance of ¼ per field quadrature when expressed as a photon number. Fig. 2(b) shows 
the single-quadrature noise variance within one spectral bin (~1 GHz) while attenuating Sg. At weak signal levels 
QN and Rg noise contributed via imperfect balancing of the OH are dominant. At strong signal levels the excess 
noise on Sg is dominant. Fig. 2(c-f) show the intensity and phase fluctuations (indicated by ±1 standard of deviation 
σ ) of 200 SS-OAWM measurements (500 GHz × 200 ps) of a shaped cubic spectral phase waveform with energies 
of 10 fJ [Fig. 2(c,d)] and 150 aJ [Fig. 2(e,f)] compared to simulated QL waveform fluctuations calculated by adding 
QN to each field-quadrature in each spectral bin.  At 10 fJ the SS-OAWM measurement shows shot-to-shot 
variations dominated by excess noise on Sg. The time-domain intensity fluctuations are 4% compared to the QL 
fluctuations of 1%. At 150 aJ the waveform fluctuations from QN and Rg noise are dominant. However, the close 
comparison between measurement and the QL simulation indicate near-QL performance. Finally, the SS-OAWM 
does not require coherence between Rg and Sg, allowing for study of waveforms with rapid shot-to-shot changes 
such as ASE noise waveforms and waveforms generated by propagation through large lengths of fiber. 
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