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ABSTRACT. We demonstrate a microwave photonic spectrometer based on laser speckle pattern
imaging that has some significant advantages over state-of-the-art electronic tech-
nology, including high resolution, multifrequency detection over broad and reconfig-
urable bandwidths. The spectrometer operates by modulating the radio-frequency
(RF) signal on a frequency-stabilized continuous wave (CW) laser using an electro-
optic intensity modulator. The modulated CW laser travels through a 100-m long
high numerical aperture multimode optical fiber before collection and recording
on a camera. To calibrate the spectrometer, an RF tone generator is stepped over
the desired operational range of the spectrometer with a frequency step size on the
order of the desired frequency resolution while the speckle pattern images are
recorded and stored. An unknown signal under test is then generated and recovered
from the calibration set using regression analysis techniques. The spectrometer
exhibits a 5-MHz resolution with a single-tone recovery accuracy of greater than
99.9% over a 17-GHz frequency range and a mean recovery error below 1 MHz
over smaller ranges. We also incorporated a high-speed camera, operated at an
800-kHz frame rate, permitting data collection at speeds commensurate with the
best real-time spectrum analyzers. We present the results of our analysis of the
spectrum recovery process with the goal of increasing the spectral recovery rate.
In addition, in the interest of miniaturization, we present the results of simulations
of 50-um wide and 40-cm long multimode waveguides in silicon nitride and silicon,
which suggest that the 100-m long multimode fiber can be replaced by short wave-
guides without degradation in performance.
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1 Introduction

There is a need to analyze radio-frequency (RF) spectra over an ever-increasing frequency range
in the fields of communications, radar detection and warning, signal and electronic intelligence,
navigation, space domain awareness, and astronomy, among others.'~’ Current electronics-based
real-time RF/microwave spectrum analyzers have limitations that might be improved through
photonic implementations. For example, real-time spectrum analyzers have limited real-time
bandwidths (< ~ 800 MHz®), resolution, and high relative size, weight, power, and cost, resulting
from the need to rapidly digitize incoming data and compute fast Fourier transforms to process
and store or display the frequency-domain signals of interest. Meanwhile, the instantaneous
frequency measurement (IFM) receiver can measure the frequency of a signal of interest over
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Table 1 Real-time spectrum analyzer performance as of May 2022.

Keysight—N9040B Rohde & Tektronix— Tektronix—
Instrument/specification ~ UXA X-Series Schwarz—FSVR40 RSA7100B RSA5100B
Maximum real-time 510 MHz 40 MHz 800 MHz with 165 MHz
bandwidth signals >3.6 GHz
Frequency 10 Hz to 50 GHz 100 Hz to 40 GHz 3.6 to 26.5 GHz 1 to 26.5 GHz
coverage, base
Resolution 1 to 37 MHz 50 kHz @ full BW 120 Hz to 50 MHz 25 kHz to 20 MHz
bandwidth (800 frequency steps)
Minimum signal 3.33 ns with SNR > 25 ns with SNR > Depends on res. Depends on res.
duration @ 60 dB; 3.51 us to 60 dB; 24 us to  bandwidth; 2.5 us bandwidth; 2.7 us @
maximum meet noise floor meet noise floor @ 1 MHz res. 1 MHz res. bandwidth
real-time bandwidth

bandwidth

a very broad bandwidth with an MHz-level resolution, even for signals of very short duration.”!!

However, state-of-the-art IFM receivers are not able to measure complicated signals, such as
those consisting of multiple tones!! or those with a broad spectrum.'® See Table 1 for represen-
tative real-time spectrum analyzer capabilities.

Photonic measurement of microwave signals promises broader bandwidth, higher spectral
resolution, and increased resilience to electromagnetic interference relative to conventional elec-
tronic instruments in an equivalent or smaller package with the potential for reduced power
consumption.'~> Photonic IFM receiver implementations have demonstrated broader bandwidths
than their RF equivalents and full photonic integration,'” but those based on interferometers
suffer from the same limitations for broadband or multitone spectra.’ Other photonic implemen-
tations require repetitive signals,'® slow response or acquisition times,>'>'® degraded spectral
resolution relative to their RF counterparts,”!? or cooling to a few degrees Kelvin.!>!¢ The
speckle pattern-sensing technique presented in this paper is a novel architecture for microwave
spectrum sensing, capable of simultaneous single-MHz resolution, high bandwidth (>17 GHz),
high-speed acquisition, and multitone sensing.

The laser speckle pattern-based microwave spectrometer shares many similarities with
optical laser speckle imaging spectrometers.!’> Rather than matching the input wavelength or
energy one-to-one to a spatial location, as is typical in common optical spectrometers employing
dispersion or refraction—utilizing a prism or grating, respectively—such spatial “multiplex”!’
spectrometers associate the output spatial patterns of light intensity to wavelength. An advantage
is gained in the ability to pick alternate dispersive materials with advantageous properties. In fact,
the combination of a photosensor array and any dispersive element can function as a spectrometer
to some degree.’® Early demonstrations suffered from very high insertion loss, poor spectral
resolution, and/or unneeded complexity;'’>* however, in 2012, Redding and Cao®' demonstrated
a multiplex spectrometer in which the primary element was a multimode fiber and low insertion
loss and high resolution over relatively broad spectral ranges were featured. Since then, the tech-
nique has been performed with different resolutions,””® in compact silicon multimode wave-
guides,”* and in tapered fiber.”’

It is useful to think of a speckle-based spatially multiplexed spectrometer as a system that is
calibrated or trained through the creation of a dictionary that associates a characteristic laser
speckle (spatial optical intensity) pattern to calibration wavelengths over the operating range
of the device. If the transmission matrix does not change, this dictionary can be used to recover
an unknown spectrum. However, in practice, slow changes to the environment of the transmis-
sion medium necessitate periodic reacquisition of calibration data, though correlation may be
maintained for periods of hours by employing careful environmental controls.”

Another significant advantage of the speckle-based spectrometer, relative to a conventional
optical spectrometer, is that the multiplex speckle spectrometer does not suffer from signal inter-
ference from higher diffraction orders and can be used over greater than an octave of bandwidth
without the complication of order-sorting filters. There is no free spectral range effect. In fact, it is
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possible to calibrate the spectrometer on an unevenly spaced frequency grid, i.e., only at wave-
lengths or frequencies of interest, or with different resolutions over different regions of the
bandwidth of the device. In the RF domain, this also means that the device can read out
high-frequency signals without necessitating GHz-rate analog to digital converters or frequency
mixers.

Unlike conventional optical spectrometers, the output of a speckle spectrometer generally
does not have a one-to-one mapping to any coordinate, even upon transformation. Thus, the
spectrum of interest must be computed, typically using minimization algorithms, from the
digitized speckle pattern. Thus, there has been considerable effort in the development of
recovery algorithms. Some techniques that have been explored include transmission matrix
inversion,”'~>*% truncated singular value decomposition (SVD),*'>* other regularization meth-
ods,?* principal component analysis,”*® computational neural networks, and deep learning®*!
to reduce the effect of environmental noise. The work presented here also has similarities to the
recovery of sparse RF signals in optical compressive sensing.>*~>® Some of the recovery algo-
rithms tested for spectrum recovery are summarized in Sec. 3.

2 Experimental

This section describes the experimental realization of the speckle-based RF spectrometer.
Section 2.1 describes modifications of the setup to support high-speed operation.

Figure 1 shows the experimental layout of the RF spectrometer. A 780 nm laser (Toptica
DL780 Pro, Pittsford, New York, United States) was frequency stabilized with a compact satu-
rated absorption spectroscopy (CoSY, TEM Messtechnik GmbH, Hannover, Germany) package
to a rubidium D, hyperfine transition. The laser was modulated by a null-biased electro-optic
intensity modulator that was driven by an RF signal generator, which played single tones during
the calibration process or generated the signal under test (SUT). The output of the modulator
(<300 nW at 5 ms exposure time) was coupled to a 100-m long, 0.39-numerical aperture,
200-um core diameter, multimode fiber (Thorlabs FT200EMT, Newton, New Jersey, United
States). A 5-m graded index multimode fiber and mode-scrambler (Newport FM-1, Newcastle,
Washington, United States) were inserted to better populate all modes of the multimode fiber.
The output of the graded index fiber was fusion-spliced to the input of the larger-core step-index
multimode fiber for stability. The step-graded-step scrambler was found to be ineffective at
populating the modes of the 100-m fiber; however, the mode scrambler was found to be effective.
The image of the speckle pattern noticeably expanded in size and was attenuated in amplitude as
the mode scrambler was tightened. The spectral correlation width was also significantly reduced.

More than 98 meters of the 100-m multimode fiber were potted in an aluminum baseplate
and held in contact with a large optical table to reduce the effects of variations in temperature and
vibrations. The entire fiber assembly was stored in a sealed box to reduce the influence of air
currents. At the exit of the fiber, the light was collected by a lens and coupled to the active region
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Fig. 1 Diagram of the experimental apparatus. A frequency-stabilized laser is modulated by an RF
calibration source or SUT. The modulated laser is transmitted through 100 m of multimode fiber
before imaging on a camera.3%40
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(typically 256 X 256 pixels) of a laboratory sCMOS camera (Thorlabs CS2100M-USB, except
where otherwise noted).

2.1 High-Speed Operation

To demonstrate high-speed data acquisition, the standard laboratory camera was replaced with a
high-speed camera (Photron FASTCAM Nova S6, monochrome). A 128 X 16 pixel window was
selected, which resulted in operation at a rate of 800,000 frames per second and an approximate
integration time of 1 us. With respect to the previous setup, the focus of the lens system was
changed, so more speckle features were imaged onto the smaller active region of the camera.
In this mode of operation, the laser power at the output of the modulator was measured to be
22 uW, which corresponded to operation safely below the pixel saturation threshold. Meanwhile,
a microwave frequency generator (HP 8340B) sweeper was repeatedly swept from 2 to 7 GHz
at a rate of 555 GHz/second. A complete scan consisted of 7711 images, and each scan was
recorded in ~9 ms of lab time.

3 Data Processing and Signal Recovery

The spectrum of the SUT is not linearly encoded on the speckle pattern and must be recovered
using computation. This section begins with a description of the data acquisition and storage
process and concludes with a discussion of various signal recovery techniques that were
employed.

3.1 Data Collection

During the calibration process, a sequence of equally spaced RF tones is played over the oper-
ation range of interest, in which the frequency spacing of the tones is typically set to the res-
olution of interest. While each tone is being played, a two-dimensional array from the camera—
the speckle image—is recorded, converted to a one-dimensional array, and saved. The full set of
these arrays is the calibration matrix and serves as the dictionary for recovery. Finally, one or
more signals of interest are applied to the same setup, and the data array is stored.

3.2 Spectrum Recovery

After both the calibration dictionary and the signal of interest are acquired and stored, the spec-
trum of interest must be computationally reconstructed. We have primarily explored regression
analyses to determine the spectrum of the unknown signal.

Regression analysis seeks to estimate the relationship between dependent and independent
variables. In this case, the dependent variables are the spectral coefficients scaling the recorded
pixel intensities of each frequency component of the dictionary to the measured pixel intensities
of the SUT. The data coefficient matrix (dictionary), X, is composed of N measurements
(columns, frequencies), consisting of M elements (rows, pixel intensities) each. In most cases
presented here, M > N, and the system is overdetermined. Although this is not true in some of
the cases discussed in Sec. 4, such as that of the high frame rate camera, the same data processing
procedure was used for consistency.

Before regression analysis, each calibration and SUT frequency dataset is set to have zero
mean. Ordinary least squares is found to perform poorly in the presence of experimental noise
and returns too many nonzero spectral coefficients. Thus, we initially begin our analysis by
focusing on the lasso (penalized /'-norm) algorithm*' because it promotes sparsity in the number
of returned nonzero spectral coefficients with an appropriate choice of the tuning parameter, a,
that controls the size of the regularization term in lasso, relative to the measurement constraint.
However, lasso performs slowly when the system is overdetermined, so to reduce the computa-
tional time, the SVD of the data coefficient matrix X is used to reduce the size of the problem.
X is decomposed into three matrices as

X=UxS=*VT, (1)

where U and V are orthogonal and S is a “main diagonal” matrix composed of zeros and the
so-called singular values (SVs), as shown in Fig. 2. Because there are only N singular values,
a large fraction of S is composed of zeros, and thus, we can truncate U to include only the
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Fig. 2 (a) SVD of the calibration matrix. (b) Projection of the calibration data onto the space
spanned by the calibration measurements.394°

X = U

first N columns. The new matrix is called U’. It is used to reduce the dimensionality of X by
projection [see Fig. 2(b)]:

X' =U"TxX, )

which also projects the data from the SUT to the same subspace. There is no loss of information
in this transformation, and the increase in recovery speed using X’ depends on the number of
pixels and dictionary elements used but is often several orders of magnitude. The speed and
recovery accuracy can be further improved with additional truncation by selecting only those
columns of U corresponding to the most significant singular values, or principal components,*’
which reduces the matrix multiplication time and results in a faster spectrum recovery. It also has
the effect of reducing the recovery error as this operation has a spectral domain low-pass filtering
effect when the number of columns of U is reduced. However, the technique requires careful
tuning of the number of SVs to limit the excessive reduction of the correlation width that, in turn,
limits the resolution and dynamic range of the spectrometer.

After performing the SVD, it is instructive to look at the Pearson autocorrelation coefficients
of the dictionary to determine the correlation width of the dictionary. See Fig. 3 for an example.
The cross-correlation coefficients between the dictionary and SUT data set(s) can also be com-
puted to judge the stability of recovery. If the SUT is composed of a single frequency, such as the
typical scenario in which an IFM receiver is used, the maximum of the correlation function serves
as the recovered frequency. Computing the correlation coefficient maximum is considerably
faster than a lasso computation and provides the same result.

The spectrum can be more finely recovered using lasso or elastic-net (a regression that incor-
porates L1 and L2 norm penalties) regressions,*” selectively tailoring a to promote sparsity in the
number of positive spectral coefficients relative to ordinary least squares (o = 0). However, this
process can be slow and requires user input or automation to correctly predict the spectrum.
Lasso-based recovery becomes problematic when the SUT has multiple frequency components,
particularly when they are not of the same intensity. The frequency accuracy of recovered spec-
tral components is also affected when multiple components are spaced more closely than the
correlation width of the spectrometer. For these reasons, we employed orthogonal matching
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Fig. 3 (a) Spatially averaged spectral correlation function.?? (b) Auto correlation coefficient of
a dictionary element at 5500 MHz.3%4
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pursuit (OMP)*** when signals are composed of multiple frequency components. See Sec. 4 for
further details.

4 Results and Analysis

The correlation width can be determined from the correlation analysis as described in Sec. 3, or it
can be spatially averaged.”” Such a spatially averaged spectral correlation plot is shown in
Fig. 3(a). The autocorrelation of a signal in the center of the dictionary range is shown in
Fig. 3(b). The correlation width, in either case, is 100 s of MHz wide, as judged from the full
width at half maximum. However, the spectrometer can discriminate the frequency of input RF
spectra far below this width, limited by the signal-to-noise ratio and stability of the setup.

It is instructive to measure the same calibration set of signals (i.e. the “dictionary”) in
succession as a measure of system performance and resolution. Any deviation in recovery from
the diagonal, such as seen in Fig. 4, is a measure of inaccuracy or instability in the system. The
wideband dataset, acquired with the slower frame rate camera, varies by an average of much less
than 5 MHz (the frequency step size) over the full measurement range (1 to 18 GHz). There are
only two one-step recovery errors over the 3196-point range. All other points are recovered along
the diagonal and have errors of less than 5 MHz. Figure 4(b) shows a dataset with a 1 MHz step
size over a 1 GHz range. There are many more recovery errors relative to the previous set, but
the average error in recovery in this dataset is less than 1 MHz (1 step).

4.1 Recovery Speed Improvements

In the interest of increasing the data processing and recovery speed, a smaller subset of pixels is
randomly chosen. As expected, the time to compute the SVD, the most computationally expen-
sive task in recovery, drops rapidly as the number of pixels is reduced. Although a full SVD is
only required whenever a new dictionary is measured, the time for a matrix multiplication,
required every time a spectrum is determined, also scales similarly with the number of pixels,
but the time required is small and poorly determined due to large relative variations in compu-
tation time among tests (Fig. 5).

The instrument speed increases as the number of pixels is reduced, whereas the dynamic
range of the instrument and the recovery accuracy, to a lesser extent, suffer due to lower cross-
correlation contrast as a result of using fewer measurements. See Fig. 6.

Not all pixels are equally well suited for use in recovery. As shown in Fig. 7, some pixels
have significantly higher spectral correlation maxima than the mean. The use of pixels above
the correlation maximum mean provides better recovery than the use of all pixels and is much
better compared with those below the mean. See Fig. 8 for a comparison.

(a) s7s0 g (b)s7s0

5725

5700

5675

5650

5625

Recovered Frequency (MHz)
Recovered Frequency (MHz)

5600

5575

55505 0
5550 5575 5600 5625 5650 5675 5700 5725 5750 5550 5575 5600 5625 5650 5675 5700 5725 5750
Reference Frequency (MHz) Reference Frequency (MHz)

Fig. 4 (a) Recovered frequency for a segment of a 1-GHz dataset from a dictionary with the same
parameters (1-MHz spacing). Some recovery errors are observed. (b) Recovered frequency for
a segment of a 17-GHz dataset from a dictionary with the same parameters (5-MHz spacing).
No recovery errors are observed.*

Journal of Optical Microsystems 024502-6 Apr—Jun 2024 ¢ Vol. 4(2)




Kelley, Shaw, and Valley: Radio-frequency spectrometry based on laser. ..

101 1

100 4

SVD Time (s)

10—1 4

10—2 4

102 103 10°
Number of Pixels Included

Fig. 5 Time to compute the SVD versus the number of pixels included in the recovery, for a 1000-
frequency dataset with a maximum of 65,356 pixels. The computation time is not standardized and
is subject to some amount of variation.*°
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Fig. 6 Cross-correlation plots used for recovery with (a) 66,820, (b) 2048, and (c) 64 randomly
selected pixels.*°
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Fig. 7 Spectral correlation maxima along a randomly selected row of pixels with a dashed mean.*°
The dataset is the same as Fig. 3(a).
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Fig. 8 Recovery of a tone at 5500 MHz using only pixels with spectral correlation function maxima
above (blue) and below (orange) the mean.

If the “good” pixels can be expeditiously identified, then the downsides of using a lower
number of pixels can be offset. The locations of the good pixels do not depend on the RF signal
but may be changed by variable environmental conditions. The pixel-by-pixel correlation can be
calculated as described in Ref. 2, but this is computationally expensive and slow; however, a
pixel’s maximum of the spectral correlation function was found to have a positive association
with the variance of the values that the pixel takes as frequency is varied during a calibration scan.
Unfortunately, high variance does not guarantee a strong correlation; thus, selection by variance
does not considerably increase the recovery accuracy. However, a selection of pixels with vari-
ance above the mean decreased the computation time by 70%, similar to selection by correlation
maximum, and had nearly the same recovery accuracy relative to a computation using the full
dataset. Selection by correlation maximum increased recovery by 10% relative to the full dataset.

4.2 Recovery of Multitone Spectra

Figure 9 shows the recovery in the presence of multiple tones. Lasso regression struggles to
recover the correct frequencies when two or more tones are positioned within the correlation
width of the spectrometer and incorrectly recovers the frequency lower tone (2250 MHz).
The situation is more promising when the tones are spaced farther than the correlation width
of the spectrometer; however, an algorithm that varies a until a specified number of positive

1.0
(a) —— Cross Correlation (b) Lo | —— Cross Correlation
Lasso, 3 Positive Coeff., Normalized Lasso, 6 Positive Coeff., Normalized
—— OMP, 2 Points —— OMP, 2 Points
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0.4 0.4

Regression or Correlation Coefficient
Regression or Correlation Coefficient

0.2 0.2

0.0

0.0

2100 2200 2300 2400 2500 2600 2700 2800 2900 2400 2600 2800 3000 3200 3400 3600 3800 4000
Frequency (MHz) Frequency (MHz)

Fig. 9 (a) Comparison of the recovery of multitone (2250 and 2750 MHz) spectra near or below
the correlation limit of the spectrometer. (b) Comparison of the recovery of multitone (2500 and
4000 MHz) spectra above the correlation limit of the spectrometer.®
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coefficients are reached requires more positive coefficients than tones present in the SUT. This
results in uncertainty in the recovered tones and incorrect spectral amplitudes. OMP finds the
correct tone frequencies in both cases, the correct number of tones, and the appropriate relative
amplitudes. Although OMP requires specification of the number of nonzero coefficients or some
other stopping criterion, this value can be increased above the number present in the SUT, and
extras can be filtered out on the basis of coefficient intensity or sign.

4.3 Experimental Results with a High Frame Rate Camera

The mean recovery error for the data acquired with the high frame rate camera is 1.32 MHz
(1.66 MHz, root mean square error) for identical scans in succession, which excludes points
at the beginning of the scan when the sweeper is increasing power and has low contrast.
This is worse than typical results obtained with the experimental setup using the lower-rate cam-
era (<1 MHz mean recovery error). Also, the dynamic range, related to the correlation floor, is
degraded. See Figs. 10 and 7 for illustrative recoveries with the fast camera and the previous
camera, respectively. The differences are attributed to the reduced number of pixels in the images
(66,820 versus 2048, here), lower bit depth of the saved Photron camera images (could be
improved), microwave sweeper settling time and instability, and significantly lower camera inte-
gration time.

4.4 Planar Waveguide Speckle Correlation as a Function of Frequency
Multimode planar waveguides have been used by many groups to obtain speckle patterns for
optical and RF spectrometers,’***>% and they offer the opportunity to make far more compact
devices than would be possible with a spool of multimode fiber. It may also be simpler to perform
the environmental conditioning (temperature, vibration) needed for a high-resolution spectrom-
eter in a small waveguide. Here, we compare calculations of silicon and silicon nitride waveguide
speckle with the speckle observed in our multimode fiber. The best basis for this comparison is
the correlation as a function of RF for the pixels of a camera or photodiode array, as shown in
Fig. 11. We perform the calculations along the lines described by Ashner et al.,*> which is essen-
tially an updated version of the standard waveguide solutions from the 1970s. The calculated
results assume an optical wavelength of 1550 nm and a 50-ym wide, 40-cm long, single vertical
mode planar waveguide in Si or Si; N, with indices of 3.4774 and 1.9963, respectively, and clad
by a material with refractive index = 1.44. The waveguides are straight, but clearly for appli-
cations, one would spiral or bend the waveguides as in Refs. 24, 33, 35, and 45, which is expected
to enhance the speckle mixing. Figure 11(a) shows measured results for the multimode fiber, and
Figs. 11(b) and 11(c) show simulations for the Si and Si;N, planar waveguides, respectively.
Note that the three families of correlation functions are very similar. This suggests that for the
same number of pixels, we should be able to obtain a similar performance for planar waveguides
as we obtained for the single mode fiber.
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Fig. 10 Recovered frequency offset histogram (a). Correlation plot for a recovered tone at
4500 MHz (b).*°
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Fig. 11 Correlation as a function of frequency difference. (a) Experimental results for 100 m long
multimode fiber at a wavelength of 780 nm. (b) Calculated results for 50 um wide, 40 cm long Si
waveguide at 1550 nm. (c) Calculated results for 50 um wide, 40 cm long Si;N, waveguide at
1550 nm.*

5 Discussion and Conclusions

5.1 Differences between Optical and RF Speckle Spectrometers—Electro-Optic

Modulator
The RF speckle spectrometer differs from optical speckle-based implementations in several ways
because of the use of an electro-optic modulator (EOM). First, the intensity modulator is a double
sideband, and thus, the laser spectrum associated with an RF frequency has multiple spectral
components, whereas in most optical spectrometers, a single- or shifted-frequency laser is used
to form the calibration set. The optical implementations cannot afford a second sideband unless it
is also present in the spectrum of the signal of interest. As a result of the sidebands, the observed
speckle patterns in the RF spectrometer may have reduced contrast relative to a single sideband
speckle pattern, although the effect should be relatively insignificant for narrowband signals.

Not only is the observed speckle pattern composed of some combination of the upper and
lower sidebands, but the residual unextinguished or leaked fundamental laser spectral component
contributes to the observed speckle pattern as well. To reduce this effect, a background image was
acquired before the calibration step and subtracted from each image to reduce the influence of the
leakage power on the image and ultimately to the dynamic range of the spectrometer; however,
the residual light still adds to the noise. The experiments reported here employed an EOM with
a relatively modest 18 dB extinction ratio. An EOM with a better extinction ratio (optical null
depth) could be employed to reduce the intensity of the unmodulated laser fundamental, and
EOMs with extinction ratios exceeding 50 dB are commercially available.*®

The stability of the spectrometer is limited by the time-dependent variation of the null bias
point of the Mach-Zehnder modulator. This bias point has a strong influence on the intensity and
speckle pattern of the leaked light. When closely examining our longer scans, which had dura-
tions of up to 20 min in some cases, the dynamic range, as measured by the ratio of the spectral
correlation maximum to correlation minimum, was lower at the end of the scan than at the begin-
ning. Bias drift is a well-known effect in LiNbO; optical modulators.*” The voltage required to
maintain the optimal bias point tends to drift over time, and this limits the performance of
the spectrometer over time. This effect may be mitigated through the use of a modulator bias
controller to maintain a high extinction ratio throughout the experiment. This would reduce the
time-dependent extinction ratio. The same effect might instead be mitigated through periodic
one-null-frame recalibrations. Finally, it is likely possible to minimize the time-dependent optical
carrier speckle pattern contribution in post-processing through fitting and subtraction of the
slowly varying component.

The RF speckle spectrometer reported here is limited in dynamic range, in part due to the
dynamic range of the modulator, as previously discussed, and in part due to the noise of the
camera. Even for very short integration or shutter times, there is enough laser power to easily
bring the camera near saturation, and thus, the pixel full well depth, read noise, and digitizer bit
depth determine the effective dynamic range of the camera. Improvements to any of these aspects
improve the performance of the spectrometer. In this light, we tested several cameras throughout
our experiments. In fact, our RF speckle spectrometer was first implemented in the optical
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C-band,*>*® but the camera performance was found to be a limiting factor, and this prompted the
move to a silicon-compatible wavelength.

We previously discussed the optical leakage effect of the EOM but not the RF dynamic range
—REF signals that are too weak do not impart a detectable change to the speckle pattern, and RF
signals that are too strong can reduce linearity or cause phase wrap when V, is exceeded.
Increasing the dynamic range of the modulator should help in this regard as well, but other
options also exist. This effect might be improved by the addition of an RF limiting amplifier
before the EOM or some other form of automated gain control. However, another deleterious
effect that limits the dynamic range is the even-order harmonics*® of the null-biased modulator.
These become significant when the applied RF signal power exceeds ~8 dBm and are clearly
seen in our data. They are still observable at lower powers but are on the order of the noise in
our setup.

5.2 High-Speed Operation

Using a high-speed camera, we were able to increase the data acquisition rate relative to the initial
experiments by a factor of 16,000 while only slightly degrading the recovery error. Although the
demonstrated 800 kHz acquisition rate is, to the authors’ knowledge, the highest rate yet dem-
onstrated for a speckle-based spectrometer, the acquisition rate of the spectrometer can be
increased to higher rates using other commercially available cameras, capable of maximum
frame rates at MHz rates and with active regions composed of a greater number of pixels.*’
Aside from the greater spectral rate, a more subtle advantage of high-speed operation is that
the device might be made more tolerant to environmental and laser frequency drifts over time
by rapid reacquisition of the dictionary or tracking of the changes to the speckle pattern over
time.>® This would likely permit the use of a smaller laser, not locked to an atomic reference,
further reducing the size, weight, and power of the instrument. In addition, it might remove some
of the strict environmental requirements, especially in combination with the smaller, integrated,
multimode waveguides discussed in Sec. 4.4, which would be easier to temperature control and
would be less susceptible to air currents. Moreover, a photonically integrated device** could
replace the camera with an integrated high-speed photodiode array to reduce size and improve
stability.

The demonstrated increase in data collection speed makes speckle spectrometers competi-
tive with the data rates of real-time spectrum analyzers; however, we were unable to recover
spectra at the rate of acquisition. As discussed in Sec. 4.1, reducing the number of pixels used
can reduce both recovery and camera frame time; however, this has the effect of increasing the
uncertainty in recovery accuracy and lowering the effective dynamic range of the instrument.
Improved spectrum recovery algorithms, a real-time operating system, or hardware acceleration
might be required for real-time data processing, handling, and storage. A dedicated processor or
application-specific integrated circuit would likely help in this regard.

Recently, Murray et al.”® demonstrated a high-speed time domain spectrometer based on
Rayleigh backscattering that is capable of operating at update rates of 385 kHz. Although the
measurement speed is limited by the round-trip time in the fiber in these experiments, it could
likely support higher rates with a tradeoff in spectral resolution. The disadvantage of this
approach is the need for multiple optical amplifiers, which would increase the size, weight, and
power of the spectrometer.

5.3 Conclusions

Optically multiplexed RF spectrometers offer many attractive features relative to their electronic
counterparts, including high-resolution multiline operation over broad and reconfigurable band-
widths. For example, we used the same speckle-based RF spectrometer over the frequency range
of 1 to 18 GHz with calibrated ranges spanning 1 to 17 GHz and resolutions commensurate with
the calibration frequency step size, typically between 1 to 5 MHz.* These parameters can likely
be improved in future iterations, e.g., the operational band could be shifted to millimeter-wave
frequencies by frequency mixing or use of a higher bandwidth EOM.’! The precision and accu-
racy of recovery can be increased via improvements to (1) the laser’s frequency stability, (2) the
environment of the multimode fiber, and (3) the null bias point of the EOM, in order of impor-
tance. The resolution of the spectrometer can likely reach 10 to 100 s of kHz by laser linewidth
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reduction, improved stabilization, or dictionary shifting via speckle pattern tracking.*’ The
results of the waveguide simulations in Sec. 4.4 suggest that the spectrometer could be consid-
erably miniaturized by photonic integration and replacement of the multimode fiber with a more
dispersive material. Real-time data collection speed comparable to that of the best commercially
available microwave real-time spectrum analyzers was demonstrated with the high-speed camera
implementation, and this could also be enhanced by integrating the spectrometer.

However, the RF speckle-based spectrometer has some disadvantages with respect to the
alternatives. Because this is a computational spectrometer, the spectral information is not directly
sensed in the time or frequency domains, and thus, our spectrometer is slower, at least in the
current implementation. The RF spectrometer has, and will likely continue to have, a lower
dynamic range than alternatives, due in part to both the modulator and the camera. With respect
to a conventional spectrometer, a disadvantage of a speckle spectrometer is the difficulty in
handling broadband signals. A sufficiently broadband or spectrally dense input signal will remove
the contrast of the observed speckle pattern, eventually presenting as a homogenous field. Some
progress has been made in measuring broadband signals by employing wavelength division multi-
plexers and multimode bundles to increase the addressable spectral range for dense signals.?
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