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Abstract: We present a novel technique based on matrix pencil assisted deconvolution to improve
the measurement resolution in scanning receiver systems for microwave frequency measurements.
By modeling the scanning receiver output as the cross-correlation of the input modulated signal with
the filter’s spectral response and applying the matrix pencil algorithm to convolve the detected optical
signal at the receiver output, our technique offers precise estimations of both the frequency and
power information of microwave signals with an improved measurement resolution. A multi-tone
microwave signal measurement based on an optical filter is experimentally demonstrated, showing a
significant measurement resolution reduction from 1 GHz to 0.4 GHz for two radio frequency (RF)
tones, which is only about 30.2% of the optical filter bandwidth.

Keywords: microwave photonics; frequency measurement

1. Introduction

Microwave frequency measurement plays a critical role in applications such as radar and electronic
warfare to perform real-time microwave spectrum activity monitoring and instantaneous identification
of unknown microwave signals. Recently, various photonic-assisted approaches have been proposed
to exploit their inherent advantages such as wide instantaneous bandwidth and immunity to
electromagnetic interference [1]. These approaches can be loosely categorized into three broad classes.
The first class is formed by channelized receivers, which perform frequency measurement by splitting
and filtering the input radio frequency (RF) spectrum into multiple narrowband channels to monitor
and detect the presence of any incoming RF signals in each channel. Technologies such as optical combs,
parametric mixers, spectral hole burning, and temporal channelization [2–5], have been demonstrated
to realize a channelized RF filter bank. These schemes require multiple light sources or a bank of highly
selective optical filters in combination with an array of photodetectors, both of which incur significant
bulk and weight. In addition, precise optical channel alignment is also essential.

The second class of approach is based on the concept of frequency-to-power mapping, where a
relationship between the frequency of the RF signal of interest and the detected optical power is
established [6–11]. This frequency-dependent power ratio, which is often referred to as the amplitude
comparison function, has been demonstrated using a pair of photodetectors or optical power meters to
detect the output optical powers from a complementary filter pair or an add-drop optical filter, such as
those based on ring resonator and phase shifted Bragg grating. Whilst this approach achieves high
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precision for estimating an unknown frequency, it is more often limited by its inadequacy to measure
multiple microwave frequencies simultaneously in a spectrally cluttered environment. To enable the
measurement of multiple microwave frequencies, a variation of this approach was presented based on
stimulated Brillouin scattering (SBS) with the use of multiple optical modulators.

Photonic frequency scanning approaches, on the other hand, form the third class for implementing
microwave frequency measurement [12–20]. This technique can be realized in a simple configuration
with a single laser, an electro-optic modulator (EOM), an optical filter, and a low-speed photodetector
whilst demonstrating the capability to perform single and multiple frequency measurements.
Frequency scanning can be easily achieved via tuning the carrier frequency of the laser or the center
wavelength of the optical filter. Current developments in integrated optical filters have demonstrated
a fast-swept filter based on an interior-ridge micro-ring with a mean sweep rate of 22,600 nm/s,
which makes a monolithically integrated on-chip scanning receiver with compact size and low power
consumption possible [21].

Classical scanning receivers implement RF sensing via measuring the time delay occurring relative
to a reference time of filter shaped pulses detected by a photodetector. However, due to the bandwidth
of the filter, each single RF frequency component will spread out, thus forming a broader distribution
which mimics the filter shape in the time domain. With the reduction in separation between closely
spaced RF frequency components, the dip between two pulse peaks slowly merges and eventually
disappears, leading to a limited measurement resolution. In [12], a scanning receiver with a resolution
of about 5 GHz is experimentally demonstrated via a micro-ring resonator with a bandwidth of 5 GHz,
which shows the limitation of the measurement resolution governed by the bandwidth of the optical
filter employed in the scanning receiver.

In this letter, we adopted the concept of deconvolution, which is commonly used in areas such as
optical imaging and spectroscopy to break the Rayleigh criterion for point spread functions [22,23],
for scanning receiver systems for RF frequency measurement. Specifically, the matrix pencil method,
which enables a precise recovery of frequency components via solving a generalized eigenvalue
problem, was adopted for deconvolution due to its high robustness to noise [24]. The information
of the input microwave signals is directly obtained from its reconstructed spectrum by means of
deconvolving the system’s output using matrix pencil method, thus improving the resolution and
accuracy of the scanning system. As a proof of concept, a frequency measurement of both single-tone
and multiple-tone microwave signals was conducted, and the results show that this method is effective
in recovering the frequency information with high resolution and accuracy.

2. Principle of Operation

The operation of the scanning system can be divided into four steps, as illustrated in Figure 1. First,
a fast-swept tunable laser produces an optical carrier (point A, inset (A) in Figure 1). Second, an EOM
modulates the unknown input RF signal onto the carrier frequency, hence generating the upper and
lower sidebands, with each sideband containing an entire copy of the microwave spectral information
(point B, inset (B) in Figure 1). When the carrier frequency changes with a constant sweeping step
∆w, the modulated signal is successively shifted across the filter response in the frequency domain,
which can be represented by x(w + n∆w), where n denotes the number of steps, n=1,2, . . . ,N. Third, an
optical filter with spectral response h(w) acts as an optical spectral weight that multiplies the frequency
spectrum of the modulated signal at each frequency with the spectral weight at that frequency (point C,
inset (C) in Figure 1), which results in a weighted signal h(w)x(w + n∆w). Fourth, an optical power
meter is employed to sum the power of the weighted signal across the entire frequency range, which is
the integration operation (point D, inset (D) in Figure 1).

The power meter readout after n sweeping steps, y[n], can be expressed mathematically as

y[n] = h ∗ x =
∞

∑
w=−∞

h(w)x(w + n∆w), (1)
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where w is the angular frequency, h(w) is the spectral response of the optical filter, and * depicts the
cross-correlation operator. It can be noted that the operation of cross-correlation can be represented as
convolution simply by pre-flipping the spectrum of the modulated signal x(w). Given the typical case
of a double sideband optical modulation where the sidebands are symmetrical, the operation of the
scanning system can thus be directly described by the convolutional model [25].

Figure 1. Schematic diagram of the scanning receiver system. Insets (A), (B), (C) and (D) illustrate the
operation principle of the scanning system at points (A), (B), (C) and (D), respectively.

Figure 2 illustrates the advantage of our proposed scanning system—based on deconvolution—over
the conventional threshold detection method [16] by using a two-tone RF signal as an example. As shown
in Equation (1), the detected optical power in the scanning receiver forms a convolutional result,
as the intensity over time represents the intensity sum of shifted pulses of the filter shape where the
location of each pulse is determined by the frequency of optical components. Therefore, if two RF
tones are too closely spaced, the two shifted pulses would merge into one, therefore making it
impossible or extremely difficult to resolve the location of each individual pulses via the conventional
detection method. In contrast, the deconvolution theorem we propose eliminates the detrimental
effect of filter shape on the power meter reading by using an effective matrix pencil method to
reconstruct the original spectrum of an input RF signal, hence breaking the measurement limit inherent
in conventional methods.

Figure 2. Comparison of the scanning systems based on deconvolution and the conventional method.

Due to the sampling nature of scanning receivers, Equation (1) can be rewritten in a discrete model
where the spectrum of the modulated signal and filter response can be represented by their sampled
values at a constant frequency interval ∆w as x[n] and h[n], respectively. Then, a discrete Fourier
transform can be adopted to convert the operation of convolution to multiplication. The Fourier
transform representation of x[n], x[k], is given by
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X[k] =
Y[k]
H[k]

=

N
∑

n=1
y[n]e−j2π(k−1)(n−1)/N

N
∑

n=1
h[n]e−j2π(k−1)(n−1)/N

, (2)

where Y[k] and H[k] are the discrete Fourier transforms of y[n] and h[n], respectively.
To reconstruct X[k], deconvolution based on matrix pencil method is used, and X[k] is modelled

as a sum of exponential sinusoids in the presence of noise, which has the following form

X[k] =
M

∑
t=1
|bt|ejwtk + nk, (3)

where nk is the noise and M is the number of sinusoids. For double sideband modulation where
the input microwave signal has P tones, M is equal to 2P + 1. wt and |bt| are the frequencies and
amplitudes of the sinusoids, respectively. Specifically, to solve wt and |bt|, which correspond to
the frequency and amplitudes of the modulated signal, the Hankel matrices based on Y[k] are first
constructed as

[Ω0] =


Y(1) Y(2) · · · Y(L)
Y(2) Y(3) · · · Y(L + 1)

...
...

...
Y(N − L) Y(N − L + 1) · · · Y(N − 1)


(N−L)×L

, (4a)

[Ω1] =


Y(2) Y(3) · · · Y(L + 1)
Y(3) Y(4) · · · Y(L + 2)

...
...

...
Y(N − L + 1) Y(N − L + 2) · · · Y(N)


(N−L)×L

, (5b)

where L is called the pencil parameter. Then the singular value decomposition (SVD) of the matrix is
carried out as

[Ωz] = [Uz][Σz][Vz]
H , (5)

where [Uz] and [Vz] are unitary matrices and [Σz] is the diagonal matrix for [Ωz] (z=0,1), respectively.
H denotes a complex conjugate. Eventually, by solving the generalized eigenvalues of [Ω0] − λ[Ω1],
the amplitude (|bt|) and the frequency (wt) of the frequency components for the modulated optical
signal (x[n]) can be obtained. It can be noted that with the recent advent of analog-to-digital
converters developed in complementary metal–oxide–semiconductor platforms that are available up
to 65 Gsamples/s [26], such digital signal processing can be performed at extremely high speeds.

3. Experimental Results

As a proof of concept, an experiment was conducted based on the setup depicted in Figure 1.
The filter, which consists of two straight bus waveguides and a racetrack waveguide, was fabricated
on a silicon-on-insulator (SOI) wafer via ePIXfab. The scanning electron microscope (SEM) image
of this filter is shown in Figure 3a. The silicon core waveguides have a fixed height and width of
220 nm and 450 nm, respectively, and the coupling gap spacing between the bus waveguide and the
racetrack ring resonator is designed to be about 620 nm to obtain a bus-to-ring cross power coupling
coefficient of 0.0125. Additionally, the length of the straight sections and the bend radius of the
curved sections of the racetrack ring resonator are designed to be 50 µm and 100 µm, respectively.
The discrete spectral response of the optical filter, h(n), was measured by sweeping the optical
carrier of the laser and measuring the power at filter output. The optical carrier was generated
by a laser (Keysight 81960A, Santa Rosa, CA, USA) and was swept from 1546.6 nm to 1547.4 nm with
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a constant step of 0.1 pm, thus generating 8000 effective points recorded by an optical power meter
(Keysight N7744A, Santa Rosa, CA, USA). Figure 3b shows the measured output power, where the
horizontal axis represents the relative frequency counted from the step number of the tunable laser.
For comparison, the simulated response of the filter is also plotted. The measured output shows a
Lorentzian-shape with a 3-dB bandwidth of about 1.325 GHz, which agrees well with the simulated
filter response. The corresponding quality factor, which is defined as the ratio of the resonance
frequency to filter bandwidth, is around 1.5 × 105. The discrete Fourier transform of the measured
filter output H[k] was also computed and is displayed in Figure 3c. It should be mentioned that
half of the transform H[k] is a mirror image caused by the Hermitian symmetry property, since h(n)
is a real-valued sequence. Upon neglecting the mirror image symmetry, H[k] showed a low-pass
effect with limited bandwidth, as illustrated in the inset of Figure 3c. To minimize the impact of
noise on filter response, only the first 85 Fourier coefficients of H[k] are considered in the convolution
theorem [27]. This facilitates a reconstruction with up to 85/2 ≈ 44 spectral lines including optical
carrier and 1st-order sidebands induced by RF tones [28].

Figure 3. (a) Top-down SEM image of the fabricated SOI single-ring filter. (b) Measured (red) output of
the scanning receiver when no RF signal is applied and simulated (green) spectral responses of the
optical filter. (c) Fourier transform of the measured filter response, H(k). Inset: Zoomed-in H(k).

First, a single-tone RF signal generated by a vector network analyzer (Keysight N5230A,
Santa Rosa, CA, USA) was applied to a low-biased EOM (Sumitomo T.DEH1.5-40, Osaka, Japan)
to evaluate the system performance. Figure 4a shows the measured power output of the scanning
receiver y[n] (n=1,2 . . . .8000) at an input RF frequency of 20 GHz. As expected, three peaks with the
shape of filter response were observed, which was a result of the convolution product of the filter,
the optical carrier, and two 1st-order sidebands. Figure 4b plots the reconstructed optical spectrum
of the modulated signal based on the matrix pencil method where the number of sinusoids M was
set to 3 and the pencil parameter was set to 32, which were found to be the optimum values within
the range recommended in Reference [29] to reduce the noise sensitivity of the matrix pencil method.
Thanks to the linear mapping between frequency and time, the frequency of the input RF signal is
proportional to the sweeping step difference between the upper sideband (USB) and lower sideband
(LSB). In this experiment, the sweeping step of the laser was 0.1 pm and the step difference between
the two sidebands was 3187, thus representing an estimated RF frequency of 19.9188 GHz and a
measurement error of 81.2 MHz.

Moreover, the proposed signal reconstruction based on deconvolution also provides amplitude
information of the microwave signal. The input RF power derived from the optical sideband to carrier
ratio (OSCR), which is defined as the power ratio between the 1st-order sidebands and the optical
carrier, shows a good agreement with the theoretical OSCR value calculated based on the applied
DC bias and switching voltages of the modulator employed. Next, we adjusted the input RF power
to −5 dBm to further demonstrate this technology. Figure 4c,d show the measured power output of
the scanning receiver and the reconstructed optical spectrum of the modulated signal, respectively.
When the input RF power was reduced from 0 dBm to −5 dBm, the corresponding OSCR obtained
from the reconstructed LSB (USB) spectrum was decreased from 2.7048 to 0.8702 (2.6695 to 0.8585),
which indicates a power drop of 4.925 dB (4.927 dB) and agrees well with the theoretical value.
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Figure 4. (a) Measured output signal and (b) reconstructed spectrum with the input RF power at 0 dBm.
(c) Measured output signal and (d) reconstructed spectrum with the input RF power at −5 dBm.

Figure 5 shows the measurement error based on the deconvolution method when the RF frequency
is varied from 1 GHz to 20 GHz with a step of 1 GHz, during which the upper frequency was limited by
the RF signal generator used in the experiment. The power of the input RF signal was fixed at 0 dBm.
It can be seen that the proposed method is capable of characterizing a wide range of RF frequencies
with an average measurement error of about 19.06 MHz across the whole measurement range.

Figure 5. Measurement error as a function of the input RF frequency.

To investigate the resolution of the proposed technique for multiple-tone microwave frequency
measurements, a two-tone RF signal was injected to the EOM. Figure 6a,c show the measured outputs
of the scanning receiver with the RF signal having two tones with an equal RF power of 0 dBm at
12 GHz and 13 GHz and 12 GHz and 12.4 GHz, respectively. When the two-tone RF signal was spaced
1 GHz apart, Figure 6a shows that the filter shape pulses generated by the 12 GHz and 13 GHz RF
frequency components had almost merged, and what should have been two obvious peaks were now
barely distinguishable. The measurement resolution without applying the deconvolution technique is
thus said to be limited to 1 GHz. Further reducing the spacing between the two-tone RF signals to
0.4 GHz showed complete overlap of the filter peaks as shown in Figure 6c. In contrast, Figure 6b,d
illustrate the reconstructed RF spectrum by using the matrix pencil assisted deconvolution method
to resolve the RF signals. A clear resolution of the two frequency components corresponding to the
two tones in the original microwave signal with almost identical intensity in each sideband was
achieved. For a microwave signal with input tones at 12 GHz and 13 GHz, the step differences for
the two RF tones were, according to the reconstructed spectrum, 1921 and 2080, which represent
measurement errors of 6.25 MHz and 0 MHz, respectively. When the frequency separation was further
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reduced to 0.6 GHz (input tones at 12 GHz and 12.4 GHz), the step difference for the two reconstructed
RF tones was 1922 and 1977, which translate to small measurement errors of only 12.5 MHz and
43.7 MHz for the two tones, respectively. More importantly, the reconstruction result demonstrates
the significance of using the proposed deconvolution method to achieve a much higher resolution
of 0.4 GHz, which is only around 30% of the filter bandwidth. This resolution could be further
improved by increasing the signal-to-noise ratio of the scanning system, which is primarily attributed
to the high fiber-to-chip coupling loss of the employed filter. A total insertion loss of 34 dB for the
optical filter was experimentally measured. There was mainly two factors contributing to the loss.
One was the fiber-to-chip loss of around 29 dB, which arose from the pair of vertical grating couplers.
This can be improved via optimizing the coupling design between SOI waveguides and optical fibers,
where a coupling loss of less than 1 dB has been demonstrated in integrated filters [30]. This can be
adopted to vastly reduce the insertion loss of the filter and thus achieve a better signal-to-noise ratio of
the system. The other factor was the waveguide propagation loss as the light propagates along the
micro-ring resonator, which is around 2.5 dB/cm. Significant reduction of the propagation loss can be
realized via adopting a monolithic waveguide of wedge geometry, high-aspect-ratio Si3N4 waveguides,
and waveguide based on high-quality silicon oxynitride films [31–34]. In [31], an optical delay line
fabricated on a silicon chip was presented, and it exhibited an average measured waveguide loss of
0.08± 0.01 dB/m in long spirals. It is expected that with the optimization of the optical waveguide and
integrated fiber-to-chip couplers, it will be possible to boost the detected signal intensity, thus achieving
an improved signal-to-noise ratio. Apart from the effect of the signal-to-noise ratio, it is noted that the
measurement resolution is also dependent on the spectral line shape of the optical filter adopted in the
scanning system. Given the same bandwidth, optical filters with a Lorentzian profile—such as fiber
Bragg gratings—and ring resonators are preferred, as they exhibit superior recovery accuracy than the
ones with a Gaussian profile [35]. Additionally, advanced super-resolution methods such as atomic
norm minimization [28] can be adopted to further improve the performance of the scanning system.

Figure 6. (a) Measured output signal and (b) reconstructed spectrum with input RF tones at 12 GHz
and 12.4 GHz. (c) Measured output signal and (d) reconstructed spectrum with input RF tones at
12 GHz and 13 GHz.

4. Conclusions

In conclusion, we have proposed and demonstrated a novel approach to improve the measurement
resolution of photonic-assisted scanning receiver systems in which the spectrum of input microwave
signals is recovered using a matrix pencil based deconvolution method. As a proof of concept,
signal reconstruction of both amplitude and frequency information has been demonstrated. A two-tone
microwave signal measurement with a resolution reduced from 1 GHz to 0.4 GHz has also been
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experimentally demonstrated in a scanning receiver where an optical filter with a bandwidth as
wide as 1.325 GHz has been employed. The presented deconvolution theorem offers an effective
and widely applicable solution for improving the resolution and accuracy performance of various
scanning receiver systems and is highly promising for meeting the increasingly stringent requirements
in applications such as radar and electronic warfare.
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