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Correlation of radio-frequency (RF) signals is a fundamental operation in many fields such as information processing,
detection, and imaging techniques at large. Because of the intrinsic limitations of electronic techniques, standard digital
correlators, which rely on the acquisition of signals and their processing, become very complex to implement for the
real-time analysis of signals whose bandwidth exceeds a few hundred MHz. On the other hand, analog correlators are
limited by the performances of RF components. In this paper, we report the proof-of-concept of a correlator architecture
based on a simple photonic platform, suitable for analog wideband RF signal processing. The concept, based on multi-
heterodyne interferometry, gives access in real time to the entire correlation function of two signals by computing the
cross correlation coefficients for 200 values of their relative delay simultaneously. The time-delay step can be adjusted
from a few ns down to a few ps, enabling us to process signals with MHz to multi-GHz bandwidth. We have applied this
architecture to the localization of RF transmitters by time difference of arrival (TDoA) and obtained a precision close
to 10 ps for a 100 ms integration time. This concept is expected to find practical applications in various domains, from
radar and electronic warfare to telecommunications, imaging, and radio-astronomy. © 2022 Optical Society of America

under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

Correlation is a general concept that characterizes the degree of
similarity between data sets. It finds many practical applications in
information processing, for statistical analysis, pattern recognition,
classification, and data extraction tasks [1]. Correlation is also
particularly useful for processing time-dependent signals. If one
considers two real signals s 1(t) and s 2(t), the cross correlation
(CC) function defined as C1,2(τ )= 〈s 1(t)s 2(t + τ)〉 (where 〈〉
stands for an average over a given time-window) quantifies the
mutual degree of correlation of the two signals as a function of
their relative time delay τ . Determining the value of τ that maxi-
mizes the degree of correlation is at the basis of time-delay analysis
employed in numerous detection and imaging techniques [2].
In active techniques such as radar, lidar, or sonar, the distance to
the target is deduced from the measurement of the time of flight
(ToF) from the transmitter to the target [3]. In passive systems
such as global positioning systems and radio-location systems at
large, the position of the receiver can be inferred from time dif-
ference of arrival (TDoA) analysis of signals emitted by several
transmitters, whose positions are known [45]. Conversely, TDoA
makes it possible to locate transmitters by comparing the signals
received at different locations, a concept employed in various
applications, e.g., for locating natural disaster victims, hunting
down interference in mobile communication networks, tracking
radio-frequency (RF) jammers, or identifying threats in a war

zone [5,6]. In both ToF and TDoA, when short pulsed signals are
transmitted, location information is generally obtained from direct
measurement of the signal times of arrival. On the contrary, in the
case of long or continuous transmitted waveforms, correlation
is employed, since it makes it possible to retrieve a temporal res-
olution limited by the bandwidth of the transmitted waveform,
rather than by its duration [2]. In addition, the process of corre-
lation is closely related to convolution and to matched filtering,
a feature that guarantees the optimization of the SNR in the case
of additive stochastic noise [7]. Finally, beside simple time-delay
analysis, a deeper analysis of the correlation function can be useful
for advanced high-resolution imaging techniques, such as aperture
synthesis in radio-astronomy [8].

For all these reasons, the development of correlators for RF
signals is a major challenge. Beyond simplicity and low size, weight,
power, and cost, a significant requirement of correlators is their
capability to process broadband signals in real time. Indeed,
depending of the targeted application, broadband signals are
intrinsically related to a high density of information and to a high
temporal resolution. Additionally, real-time capability is an impor-
tant feature of correlation, in order to avoid blind times and to offer
a 100% probability of interception. This capability is particularly
important for defense applications, or for the observation of low
intensity sources in radio-astronomy, among others.

In practice, many correlation techniques have been used so
far, both in the frequency and in the time domain. Nowadays,
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most of correlation techniques are digital, where the signals are
quantized and digitized in discrete data series [9]. Frequency
domain approaches are based on the Wiener–Khinchin theorem,
which states that the CC function can be retrieved from the inverse
Fourier transform (FT) of the product s̃ 1( f )s̃ ∗2 ( f ), where s̃ 1( f )
and s̃ 2( f ) are the respective FTs of s 1(t) and s 2(t). In time domain
approaches, the CC function is calculated by term-by-term prod-
ucts and successive relative shifts of the two series. However, in
practice, digital CC in real time is constrained by two limitations.
First, according to the sampling theorem, digital processing of
wideband signals requires a sampling rate higher than twice the
signal bandwidth. Digitizers with sampling rates exceeding a few
tens of GS/s are commercially available, but their effective number
of bits is severely constrained by the jitter of the clock signal [10].
Second, such data rates are still way beyond the limits of conven-
tional real-time processing techniques. Indeed, the bandwidth of
commercial real-time analyzers does not exceed a few hundreds of
MHz [11]. These two constraints set a compromise between the
signal bandwidth and the probability of interception. In practice,
cutting edge applications can overcome these limitations, but
at the price of a high degree of complexity: to give an example,
the state-of-art Atacama Large Millimeter/Submillimiter Array
(ALMA) correlator uses more than 100 millions of processors to
process in real time all 8 GHz bandwidth signals coming from 66
antennas [12].

On the contrary, analog approaches are a priori very attractive
because they do not require acquisition of the signals, nor digital
processing. Analog correlation of RF signals can be performed
in the frequency domain, a feature widely employed in radar
and sonar, where the received signal passes through the matched
filter, achieving pulse compression [3] [Fig. 1(a)]. However, in
practice, the technique is restricted to the cases where the signal
to be detected (i.e., the matched filter) is known. Moreover, this
technique is not easily reconfigurable. In turn, time domain analog
correlators have been used in the early days of radio interferom-
etry [8], as well as in heterodyne optical interferometry [13]. The
product of the signals is calculated by a square-law detector, and
the duration of the time-average window is set by the detector
response time and by additional low-pass (LP) filters. Time domain
approaches are intrinsically sequential: the measurement of the
CC function is done point by point by varying the relative time
delay between the signals [Fig. 1(b)]. In addition to the technical
challenge related to the control of the relative time delay by moving
parts, this mode of operation renders the technique intrinsically
slow and unsuitable for non-stationary signals. To lift this limi-
tation, parallelized correlation schemes, or lag correlators, have
been reported: they enable us to calculate the correlation function
for several values of the delay (or lags) simultaneously [Fig. 1(c)]
[14,15]. However, this architecture requires as many detectors
as lags, which limits in practice the number of lags to a few tens.
Generally speaking, despite their potential advantages, analog CC
techniques remain less developed than digital ones, mostly because
of the poor bandwidth acceptance of analog RF components and
because of the limited scalability of RF analog circuits.

Recently, the field of photonics has proven to offer efficient
solutions for analog processing of wideband RF signals by taking
advantage of the huge bandwidth of the optical spectrum and of
the availability of cheap and high-performance components at the
telecom wavelength [16,17]. Moreover, photonic architectures are
immune to electromagnetic interference. Microwave photonics

Fig. 1. (a) Analog cross correlation (CC) of two signals s 1(t) and s 2(t)
in the frequency domain. s 1(t) passes through a filter, whose transfer
function is the complex conjugate of s̃ 2( f ) (magenta, amplitude; green,
phase). The output signal is C1,2(t). When s 1 = s 2, the process corre-
sponds to auto-correlation (AC), or matched filtering. (b) Analog CC in
the time domain. Analog multiplication of the signals time-shifted by τ is
followed by low-pass filtering (LP) to calculate the CC coefficient C1,2(τ ).
The measurement is repeated while varying the delay, to reconstruct the
whole CC function C1,2(τ ). (c) Analog lag correlator. The measurement
of the CC coefficients is performed for several (here, four) values of the
relative delay of the input signals simultaneously (see text).

has, thus, emerged and greatly developed in the past decades [18].
Besides, correlation is a common process in optics: it is at the heart
of FT spectroscopy [19] and aperture synthesis in optical stellar
interferometry [20], while non-linear auto-correlation (AC) tech-
niques are widely used to characterize ultra-short optical pulses
[21]. Therefore, several photonic-aided approaches have been
proposed for RF signal correlation so far, and they have demon-
strated the capability of processing multi-GHz-wide signals.
Implementation in the spectral domain rely generally on the use of
tailored linear filters [22–24], while temporal approaches make use
of non-linear techniques [25–28], or of direct up-conversion of the
RF signal to the optical domain followed by photodetection [29].
Other architectures of correlators based on free-space optics have
been demonstrated in the frame of optical computing [30,31],
and adapted to the correlation of millimeter-waves by frequency
up-conversion [32–34]. Finally, wideband correlators based on
diffraction in cryogenically cooled crystals doped with rare-earth
ions have been developed and commercialized [35,36]. However,
generally speaking, photonic solutions turn to have the same lim-
itations as analog electronic ones: a high degree of complexity, a
lack of reconfigurability in spectral approaches, and the need for
point-by-point measurements in temporal ones.
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In this paper, we propose a novel analog correlation technique
of RF signals based on a simple photonic architecture, which
surpasses the capabilities of analog and digital conventional tech-
niques. The proposed system interprets as a lag correlator based
on photonics: it relies on the multiplexing of the relative delay
between the input signals τ , which avoids the need for point-by-
point measurements of the CC function (no moving part), and
makes it possible to calculate the entire correlation function in
parallel (i.e. for about 200 values of the delay τ simultaneously).
Like in lag correlators, the correlation is computed on the fly (i.e. in
real time), without any truncation of the input signal. But contrary
to conventional lag correlators, the architecture requires a single
detector, and it is easily reconfigurable: the time-delay step can be
controlled over orders of magnitude down to the ps scale, enabling
the processing of multi-GHz wideband signals [37].

The paper is structured as follows. First, we provide a concise
description of the photonic correlator. Then, we report both AC
and CC of arbitrary RF signals. In particular, we demonstrate
the reconfigurability of the architecture by performing CC with
three different values of the time-delay step (125 ps, 4 ns, and
23 ps). Next, we characterize the performance of the architec-
ture for time-delay analysis of RF signals and report a precision
approaching 10 ps for a 100 ms integration time. Then, we provide
a practical demonstration of transmitter localization by TDoA. In
the conclusion, we discuss the perspectives and the limitations of
the technique for practical applications. Supplement 1 regroups
complementary theoretical and experimental details on the opera-
tion of the correlator, as well as additional examples of correlation
measurements.

2. ARCHITECTURE OF THE PHOTONIC
CORRELATOR

In this part, we provide a brief description of the correlator (Fig. 2).
Its principle is the following. We consider two input RF signals,
s 1(t) and s 2(t), feeding continuously the system. Both of them are
transferred into the optical domain, where they are duplicated to
produce a large number (N > 200) of periodically time-shifted
replicas. The values of the time shifts for the two signals are dif-
ferent and are written τ1 and τ2 for s 1(t) and s 2(t), respectively.
Moreover, the time-delayed replicas of the signals are simultane-
ously shifted in frequency so that the replica that has been delayed
n times has also experienced n frequency shifts: in other words,
the time delays of the signal replicas are mapped in the frequency
domain. Similarly, the frequency shifts are slightly different and
are, respectively, noted f1 and f2. The replicas of the two signals
are combined on a photodiode (which plays the role of the square-
law detector) followed by a LP filter. Fourier processing of the
photocurrent gives access to the CC coefficients of the two signals.

The practical implementation of this concept utilizes a pair of
frequency shifting loops, or FSLs [38]. A (single) FSL consists of
a fiber loop containing a frequency shifter (usually, an acousto-
optic frequency shifter, or AOFS), an amplifier to compensate for
the losses of the system (here, an erbium-doped fiber amplifier,
EDFA), and a tunable bandpass filter (TBPF). The role of the
filter is to limit the amplified spontaneous emission (ASE) of the
amplifier and to control the spectral bandwidth, i.e., N the number
of round trips of the light in the loop. The FSL can be seeded by a
CW laser (frequency, f0), modulated in amplitude by the RF signal
under test, owing to a single-ended Mach–Zehnder modulator, or

amplitude modulator (AM) biased at the null point. In this case,
the FSL generates replicas of the RF input signal (transferred in the
optical domain). The time shift of the replicas is simply equal to the
travel time in the loop, while their separation in frequency is equal
to the frequency shift per turn in the loop. Recall that, as such, FSLs
have proven many applications in the field of microwave photonics
for the processing and the generation of RF signals [39–43], as well
as in spectroscopy and ranging [44,45].

Here, the correlator architecture involves a pair of FSLs, whose
travel times are τ1 and τ2. We define1τ = τ2 − τ1. The frequency
shifts per turn are equal, respectively, to f1 and f2 (both close to
80 MHz), and we define similarly 1 f = f1 − f2. The values of
the frequency shifts are sufficiently close, to match the condition
N1 f < f2/2, f1/2. The two FSLs are seeded by the same CW
laser (1550 nm), modulated by s 1(t) and s 2(t), respectively. In
order to preserve the optical coherence between the signals and to
limit the effects of mechanical or thermal drifts on the fiber lengths,
the FSLs are implemented in a bidirectional configuration [46,47].
The two signals travel in opposite directions in the same fiber
loop, except a short non-reciprocal section where they experience
different time delays and frequency shifts (inset of Fig. 2). Output
couplers enable to extract a fraction of the counterpropagating
signals.

It can be shown that, after the output couplers, the electric fields
E1(t) and E2(t)write

E1,2(t)= E0e i2π f0t
N∑

n=0

s 1,2(t − nτ1,2)e i2πn f1,2t e−iπ f1,2τ1,2n2
.

(1)
Both fields are recombined on a balanced photodetector.

The photocurrent passes trough a LPfilter (cutoff frequency,
N1 f ). Calculations derived in Supplement 1 show that, for
most signals, the photocurrent, defined in complex formalism, by
I (t)∝ E1(t)E ∗2 (t)writes, after LP filtering, the following:

I (t)∝
∑

n

〈s 1(t)s 2(t − n1τ)〉e i2πn1 f t e−iπ( f1τ1− f2τ2)n2
. (2)

This expression shows that the CC function sampled at multi-
ples of1τ can be retrieved by computing the FT of I (t),

Ĩ (n1 f )∝ 〈s 1(t)s 2(t − n1τ)〉e−iπ( f1τ1− f2τ2)n2
. (3)

In other words, the CC function is mapped in the RF spectrum
(i.e., the FT of the photocurrent): the amplitude of the heterodyne
beatnote at frequency n1 f is proportional to the value of the CC
function at a relative delay n1τ .

Advantageously, the system parameters can be adjusted so that
f1τ1 − f2τ2 is an even integer. In this case, the FT of the photocur-
rent after filtering provides directly the CC function of the input
signals. When this condition is not met, the square modulus of
the FT of the photocurrent provides only the square of the CC
function. Interestingly, the operation mode of the correlator is
closely related to multi-heterodyne interferometry as implemented
in dual-comb techniques [48,49]: the information sought (here,
the CC coefficients; in dual-comb techniques, the amplitude
and phase of the comb lines) is contained in the low frequency
beatnotes in the RF spectrum produced by the interference of the
teeth of the first comb, with their closest neighbor (in terms of
frequency) in the second one.

As said, the sampling time-delay step of the CC function 1τ
is directly set by the path difference of the bidirectional FSL. In
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Fig. 2. Sketch of the analog photonic correlator. A bidirectional fiber frequency shifting loop (FSL) is seeded in both ways by a CW laser at 1550 nm,
modulated in amplitude (AM) by two RF signals s 1(t) and s 2(t). Two variable optical attenuators (not shown) enable us to control the light power injected
in the loop. The non-reciprocal frequency shifter (FS) is sketched in the inset (top right). A variable optical delay line (VODL) enables to control the time
delay between both ways1τ = τ2 − τ1. The loop contains an amplifier (EDFA) and a tunable bandpass filter (TBPF), both bidirectional. The loop pro-
duces replicas of the input signals transferred in the optical domain, shifted both in time and in frequency. Photodetection by the balanced detector (BP)
produces multi-heterodyne beatings. After low-pass filtering (LP), the Fourier transform (FT) of the photocurrent (i.e., the RF spectrum) sampled at multi-
ples of1 f = f1 − f2 provides the CC coefficients for values of the relative delay multiples of1τ (see text). A fiber delay line (noted FDL) is inserted in path
#1 at the FSL output, in order to bring the position of the null delay (i.e., τ = 0) to the center of the RF spectrum.

practice, this value can be precisely tuned by means of a variable
optical delay line (VODL). It can be set arbitrarily small, leading to
the possibility of processing signals with tens of GHz bandwidth.
Ultimately, the processing bandwidth is limited by the bandwidth
of the TBPF inserted in the loop, i.e., N f1 (' N f2). Typically, this
value approaches 20 GHz (assuming N = 250 and f1 ' 80 MHz).
The advantage of the system is the capability to compute, simul-
taneously and in real time, the CC coefficients for more than
200 values of the delay simultaneously, with no moving part, and
with a single detector. Therefore, the technique is not restricted
to stationary signals but can also be applied to the processing of
time-dependent signals, provided that their change rate is smaller
than the processing time of the system. The latter is about Nτ1

(' Nτ2), typically close to 20µs (N = 200 and τ1 ' 100 ns).

3. EXPERIMENTAL RESULTS

In a first set of experiments, we demonstrate the capability of the
setup to measure the entire AC and CC functions of different input
RF signals.

A. Examples of Cross- and Auto-Correlation of RF
Signals

We have implemented the photonic correlator with three dif-
ferent values of the time-delay step 1τ . In the first case, 1τ is

set to 115 ps. This configuration is suitable for signal correla-
tion, the bandwidth of which can be up to 4 GHz. Considering
N = 200, the total delay range between the two input signals
reaches N1τ = 23 ns. In order to measure a CC function whose
zero delay corresponds to the center of the RF spectrum of the
photocurrent, we compensate the paths mismatch by inserting
about 3 m of fiber on the path of the output #1 (FDL in Fig. 2). To
satisfy the condition f1τ1 = f2τ2, f1 and f2 are, respectively, equal
to 80.0657 and 80.0000 MHz (1 f = 65.7 kHz). The cutoff
frequency of the LP filter is set to 15 MHz. The filtered photocur-
rent is digitized by means of a oscilloscope at 50 MSa/s. The FT is
computed numerically, using a Blackman–Harris window.

First, we measure the AC functions of simple waveforms (white
noise and sine waves). The amplitude of the applied voltage is cho-
sen smaller than the Vπ on the AMs (5 V), to avoid non-linearities
and distortion of the correlation function. In practice, the peak-
to-peak voltage of the input signal is lower than 1 V. In Fig. 3(a),
we show the RF power spectra obtained by seeding the system
with white noise of variable bandwidth (from 120 MHz down to
40 MHz). The traces consist of well-defined beatnotes (more than
200), whose power is proportional to the square of the AC coef-
ficient. The beatnotes dominate a noise background that mostly
comes from the ASE circulating in the FSL. Since the frequency
of the beatnotes is precisely known (their frequency is an integer
multiple of1 f ), the noise background can readily be filtered out
numerically. In most of the data shown in the following of the
paper, this filtering has been implemented. As said, the relationship
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Fig. 3. (a) Square modulus of the AC of a white noise with different bandwidths (120 MHz to 40 MHz) (acq. time, 200 ms, log. scale). The dashed line
is the expected (numerical) AC trace. (b) Square modulus of the AC of sine waves with different frequencies (log. scale, acq. time: 100 ms). The noise back-
ground in the AC traces has been numerically filtered out (see text). The residual modulations in the traces are due to sampling effects in the RF spectrum.
(c) Real part of the AC (linear scale) of the previous sine waves. The vignetting in the real part traces comes from a small residual quadratic phase in the RF
spectrum.

between the frequency axis of the RF spectrum and the time delay
is linear, with a proportionality coefficient equal to 1 f /1τ . As
expected, the width of the AC function (i.e., the coherence time
of the applied signal) decreases with the spectral bandwidth of the
signal. We also compare the AC traces obtained by the photonic
correlator, with the expected ones. The latter are calculated by
recording the RF signal with a fast digital oscilloscope and com-
puting the AC function. A good agreement is found between the
experimental and the expected traces. In Fig. 3(b), we plot the AC
functions of sine waves with different frequencies. Interestingly,
since Ĩ ( f ) maps the real part of the AC function, it is possible to
retrieve the sign of the AC function. Examples of real values of the
AC function are plotted in Fig. 3(c).

In Fig. 4, we demonstrate the capability of the setup for CC.
Two different RF signals are used: the first one is a 120 MHz band-
width digitally synthesized white noise, the second one is the same
signal after notch filtering (stopband, 65–85 MHz). The spectra of
the input RF signals are displayed in Fig. 4(a). In Fig. 4(b), we recall
the AC traces obtained separately with each of these signals. Then,
both signals are sent to the system, and the experimental CC trace is
shown in Fig. 4(c). Similarly to the previous case, the expected CC
trace is computed numerically and plotted for comparison. Notice
that, contrary to the AC traces, CC traces do not necessarily exhibit
their maximum at zero delay.

As said, depending on the signal under test, the time-delay step
is simply reconfigurable by changing the optical path delay τ2 − τ1.
To show the flexibility of the concept, we have increased the value
of the time-delay step by inserting 1 m of optical fiber next to
AOFS 2. (Simultaneously, to bring the position of the null relative
delay at the center of the RF spectrum, we have added a 100 m long
fiber delay line on the path of output #1.) In this case, the value
of 1τ is about 4 ns, which makes this configuration suitable for

Fig. 4. (a) Spectrum of a 120 MHz bandwidth digitally synthesized
noise, in orange, and of the same signal after a bandstop filter (65–
85 MHz), in blue. (b) Square modulus of the ACs of both signals (acq.
time, 200 ms). (c) CC trace between the unfiltered and the filtered signal
(acq. time, 200 ms). In all plots, the experimental AC and CC traces are
compared to the expected ones (in dashed line).
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Fig. 5. (a) Solid lines, experimental AC traces of a specifically designed noise-like input signal. The time step of the correlator is set to1τ = 4 ns. The
sampling rate of the input signal is increased, from 10 to 190 MSa/s. Dashed lines are the expected AC traces (acq. time, 100 ms). (b) Experimental AC
traces of high-frequency signals. The time step of the correlator is set to 1τ = 23 ps. The traces in blue correspond to the AC of pure sine waves with
frequencies ranging from 1.1 to 3.3 GHz. The red trace is obtained with the signal emitted by a WiFi repeater, captured by a broadband antenna and
amplified before being sent into the correlator (acq. time, 100 ms).

signals with a bandwidth up to 125 MHz. The maximum delay
range is now close to 0.8µs. A numerical signal has been specifically
designed, so as to exhibit a relatively complex AC function with
many sidelobes. This noise-like signal is sent to the system with
different sampling rates (from 10 to 190 MSa/s), so as to vary its
bandwidth. The results are displayed in Fig. 5(a). In this case too,
the experimental traces obtained through the analog photonic
correlator show an excellent agreement with the numerical cor-
relation traces. Similarly, we have also configured the system to
process signals with multi-GHz bandwidth. For this aim, the delay
time step is reduced down to 23 ps by proper adjustment of the
VODL. Waveforms with frequencies ranging from 1.1 to 3.3 GHz
are sent to the AMs. In these experiments, the value of1 f is set to
15 kHz. The cutoff frequency of the LP filter is 1.9 MHz, and the
sampling rate of the oscilloscope is 10 MSa/s. The AC traces are
shown in Fig. 5(b) (in blue). Additionally, to prove the capability
of the system to correlate high-frequency signals in real time, we
connect a broadband antenna and a set of two RF amplifiers (55 dB
total gain at 1 GHz) to the AMs. The antenna is directed towards
a WiFi repeater. The AC trace, displayed in red [Fig. 5(b)], shows
a periodic variation characteristic of the WiFi frequency band at
2.4 GHz.

Finally, we briefly discuss the sensitivity of the correlator. To
ensure a good signal-to-noise ratio (SNR, i.e., higher than 30 dB
for a 100 ms acquisition time), the power of the RF signal at the
modulator input is typically 3 dBm. Since the power at the corre-
lator output scales as the square of the input one (see Supplement
1), the sensitivity (the minimum power of the input signal cor-
responding to a SNR equal to unity) is −12 dBm for a 100 ms
acquisition time).

B. Time-Delay Analysis

A major application of signal correlation is the possibility to meas-
ure the time delay T between two mutually delayed replicas of
the same signal (written as s (t) and s (t − T)). The value of τ
that maximizes 〈s (t)s (t − T + τ)〉 is simply equal to T, the time
delay. As said, the main advantage of time-delay analysis based on
correlation is the matched filtering effect: the delay information
is contained in a correlation peak, whose duration is set by the
spectral bandwidth of the signal [2]. This peak can be very narrow,
even in the case of quasi CW signals. As said, this pulse compres-
sion effect is particularly useful to enhance the SNR, e.g., in radar
techniques based on matched filtering. Here, the system offers the
capability to perform such time-delay measurements directly in
the time domain. To demonstrate this feature, we apply to the AMs
two mutually delayed replicas of the same signal (a numerically
synthesized white noise with a 120 MHz bandwidth). The relative
time delay between the replicas is controlled digitally. We record
the CC traces for different values of the time delay. As expected, the
delay measured through the photonic correlator matches closely
the digital delay applied to the input signals [Fig. 6(a)]. Then, we
characterize the precision of the time-delay measurement offered
by the technique. To do so, we acquire a 1-s-long time trace and
clip it numerically into sequences of duration equal to a multiple
(labeled by q ) of 15.2 µs (i.e., 1/1 f ). For each value of q , we
calculate the position of the AC peak (i.e., the value of the delay) by
a numerical fitting procedure, and we determine the deviation of
this measurement repeated over the full-length trace. The results
are given in Fig. 6(b). As expected, the deviation decreases as the
square root of the integration time. Beyond 100 ms integration
times, the experimental results tend to deviate from this law, pre-
sumably due to the smaller number of statistical samples available.
Nevertheless, the precision is close to 10 ps for 100 ms integration

https://doi.org/10.6084/m9.figshare.19096886
https://doi.org/10.6084/m9.figshare.19096886


Research Article Vol. 9, No. 4 / April 2022 / Optica 331

Fig. 6. (a) Top, experimental AC traces measured for time-delayed replicas of a 120 MHz bandwidth white noise. Bottom, 2D plot of the AC traces as
a function of the delay. (c) Allan deviation of the time-delay measurement, as a function of the averaging time (see text). The red line is a guide for the eyes
(slope,−1/2).

time, a value significantly smaller than the 8.3 ns coherence time
of the signal under test (1/120 MHz). It is also much smaller than
the mean period of the signal (16.7 ns), which means that the time
delay is measured with a precision better than one-thousandth of a
wavelength (in 100 ms).

C. Application to Time Difference of Arrival

In a last set of experiments, we demonstrate the capability of the
system for the localization of an RF transmitter by TDoA. Here, we
provide a 2D proof of concept at the lab scale with a single trans-
mitter and two receivers, but the technique could be generalized
to more complex antenna networks, e.g., to implement passive
radar by triangulation. A complex broadband noise-like signal is
synthesized by combining a white noise generator and frequency

multipliers with LP and high-pass filters. The spectrum of the
resulting RF signal ranges between 0.4 and 1.2 GHz [Fig. 7(a)].
The RF signal is sent to a whip (monopole) antenna (Tx). Two
receiving antennas (Rx1 and Rx2), identical to the transmitter, are
placed at a distance of about 1 m from Tx [see Fig. 7(b)]. Rx2 can
be moved to change the relative delay between the signals received
by the antennas. These two signals are amplified and applied to
the AMs at the correlator input. The measured CC functions are
displayed in Fig. 7(c). As expected, the CC traces shift with the
position of Rx2. In this case also, the delay retrieved from the ana-
log photonic correlation matches precisely the geometrical delay
between the antennas, demonstrating the capability of the system
for TDoA analysis.
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Fig. 7. Proof of concept of TDoA. (a) RF spectrum of the transmitted signal. (b) Sketch of the experimental setup (see text). (c) 2D plot of the CC traces
as a function of the positions of Rx2 (100 ms acq. time).

4. CONCLUSION

In this paper, we have reported an analog photonic-based lag
correlator that enables us to compute the CC of wideband RF
signals for more than 200 values of the delay simultaneously. The
architecture is considerably simpler than conventional analog or
digital wideband correlators. Here, the optical circuitry is based
on off-the-shelf telecom components. No broabdand laser source
is needed, but a low linewidth single frequency laser. Contrary to
most conventional analog approaches in the time domain that
rely on point-by-point measurements of the CC coefficients, our
architecture contains no moving part and computes, with a single
detector, the CC function as a whole through 200 simultaneous
values of the relative delay, enabling real-time signal processing. On
a dynamic point of view, the typical computation time of the CC
function is about 20 µs, a value significantly lower than any other
point-by-point CC technique. This value is also the time response
of the correlator. Additionally, the architecture requires a relatively
slow detection electronics (lower than 50 MHz bandwidth and
50 MSa/s acquisition rate), orders of magnitude smaller than the
frequency of the input RF signals. Finally, recall that no truncation
is applied to the input signal, which means that our architecture
performs correlation with a 100% probability of interception.

The spectral bandwidth of the signals to be processed is an
important parameter of the system. As said, in our architecture
it is set by two factors. The first one is the time-delay step. In the
reported experiments, it could reach 23 ps, but this value could be
arbitrarily smaller. The second limiting factor is the optical spectral
bandwidth set by the TBPF (i.e., N f1 ' N f2). One could imagine
increasing the spectral bandwidth of the filter, which would simul-
taneously result in an increase of the number N of round trips and
of the signal bandwidth supported by the system. However, the sat-
uration of the gain of the amplifier would lead to a decrease of the
power as the signal circulates in the loop [50]. The use of frequency
shifters with a larger nominal frequency shift (e.g., electro-optic
single-sideband frequency shifters) could enable us to increase the
filter’s spectral bandwidth while keeping the number of round trips
constant, avoiding the problem of saturation. This solution could
be attractive, but presumably at the cost of increased ASE [50]. In
addition to the capability of processing signals with multi-GHz
bandwidth, our architecture shows another advantage. In digital
techniques, the data collected at each antenna must be accurately
time-stamped to accurate clock signals. This requires us to have
an absolute time reference shared between all antennas and the
correlator. In our architecture, a phase stabilization of the optical
link between the antennas and the correlator is sufficient and can
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be achieved with standard fiber stabilization techniques. This
leads to the possibility of performing signal correlation over very
long baselines, a feature that could find promising applications
in sub-millimetric interferometry. Additionally, this architecture
could also open perspectives in optical interferometry. Infrared
heterodyne interferometry, which replaces the correlation of the
optical signals received by the telescopes, by the correlation of
RF signals obtained by mixing the optical signals with a local
oscillator on a photodetector, could benefit from the proposed
correlation technique [13,29]. Beside synthetic aperture imaging
in astronomy, other applications based on time-delay analysis are
conceivable, including passive radar and localization of transmit-
ters/receivers. For most of these applications, the extension of the
correlator to more than two signals would represent a significant
advantage, e.g., to achieve long baseline interferometry with a
large array of antennas or to enable transmitter’s localization by
triangulation. The extension of the architecture proposed here to
more than two signals is underway. In the long term, perspective of
integration of this architecture is foreseeable. All components used
in the dual FSL, including the frequency shifter, can be integrated
[51]. The combination of all components on a single chip could
be accessible, presumably via hybrid integration techniques, and
could open many possibilities of applications of the architecture.
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