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Abstract: A novel microwave frequency measurement scheme using a heterogeneous multicore
fiber (MCF) is experimentally demonstrated. The inherently different relative group delays among
the cores of a heterogeneous 7-core MCF are used to realize two individual 2-tap microwave
filters with different free spectral ranges (FSRs). The ratio of the frequency response traces of
these two filters is used to establish an amplitude comparison function (ACF). Furthermore, by
varying the operational wavelength, the relative group delays between the cores and consequently
the FSRs of the filters are tuned and different ACF curves are obtained. The complementary
information provided by these different ACFs allows us to estimate the unknown frequency with
an improved accuracy, over a broad measurement range. In our experiments, a measurement
error of +71 MHz is achieved over a frequency range of 0.5-40 GHz. The proposed scheme
offers flexibility and compactness, thanks to the parallelism provided by the MCF.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Accurate frequency measurement of an unknown microwave signal is essential for electronic
warfare, anti-stealth defense and electronic intelligence systems [1,2]. It has also been identified
as an element of interest for centralized radio access networks in fiber-wireless communications
[3]. A frequency measurement receiver requires a wide operation bandwidth, high resolution and
near real-time response. While conventional frequency measurement techniques in the electrical
domain can obtain a high resolution, they have limitations in terms of their speed, bandwidth
and vulnerability to electro-magnetic interference. These issues could be solved through using
photonic-based frequency measurement approaches, as they offer broad bandwidth, high speed,
immunity to electromagnetic interference and low loss [4,5].

Photonic-based frequency measurement is realized by mapping the unknown frequency to a
parameter that could be easily measured, such as microwave or optical power [6—14] or time
[15]. Frequency-to-power mapping has been demonstrated by using an optical comb filter
[10], an optical mixing unit [16], or a dispersive delay element [6-9]. In the latter case, the
dispersive element is used to either implement chromatic dispersion-induced microwave power
fading [6-9] or realize a microwave photonic filter [17-19]. In both of these cases, a pair of
frequency-dependent spectral responses, generated in two different channels, are often detected
and their power ratio, referred to as amplitude comparison function (ACF), is used for the
frequency estimation. Since the ACF obtained in a dispersive delay element has a periodic
behavior, it enables a unique mapping between the measured power and the unknown frequency
only when the measurement bandwidth is within a single monotonic interval of the ACF. For
broader measurement bandwidths, however, each power measurement could correspond to several
frequency solutions, making it difficult to accurately estimate the unknown frequency. Thus, due
to the trade-off between the measurement bandwidth and the resolution, to avoid ambiguities,
the measurement bandwidth is limited to one monotonic region of the ACF. To overcome this
limitation and obtain a high resolution over a broad bandwidth, multiple ACFs could be jointly
employed to determine the unknown RF frequency unambiguously beyond a single monotonic
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region of the ACF [20-22]. In this case, thanks to the complementary information provided by
the additional ACFs, the correct frequency solution can be picked out from the possible solutions.

In this paper, we present a microwave frequency measurement scheme using a heterogeneous
multicore fiber (MCF). Such fibers have found applications in Microwave Photonics, due to
their capability to operate as tunable optical sampled true-time delay lines, through exploiting
the relative time delays between the cores [23,24]. Microwave photonics signal processing
in multicore fibers is advantageous as they offer increased compactness due to their inherent
parallelism, as well as performance flexibility and versatility. Moreover, MCFs have the capability
of providing fiber-distributed signal processing without resorting to a dedicated system external
to the fiber, which is particularly attractive in the context of radio access networks for 5G and
Beyond. In our proposed scheme, multiple ACFs are obtained, making it possible to retrieve the
unknown RF frequency with a high resolution over a large bandwidth. Each ACEF is the ratio of
the frequency responses of two microwave photonic filters with different free-spectral ranges,
where each filter is constructed using two cores of the heterogeneous multicore fiber. Compared
to previous reports using several ACF curves [20-22], our scheme offers a simpler structure with
less number of modulators and photodetectors and is more compact as only one spool of MCF is
used. Moreover, both the measurement range and resolution are adjustable.

2. Working principle

Our proposed frequency measurement scheme using a heterogeneous multicore fiber is depicted
in Fig. 1. A continuous-wave laser is modulated by an intensity modulator (IM), driven by an
unknown microwave signal. The modulated optical signal is then launched into four cores of a
heterogeneous MCF, which have distinct dispersive properties. Two cores are combined using
a coupler, while the other two cores are combined using another coupler and the output of the
couplers are detected separately by a pair of photodetectors (PD). In the context of radio access
networks, this scheme could be used for remote frequency measurement between a base station
and a remote antenna unit, by placing the modulator in the remote unit and the other equipment
in the base station. In this case, if the MCF link is long enough, an additional core (different from
the previously mentioned cores) could be used to transmit the continuous-wave signal from the
laser in the base station to the remote unit, and the aforementioned four cores could be used to
transmit the modulated signal back to the base station. Thus, the MCF could be simultaneously
used for the transmission of the signal and for the measurement of the unknown frequency.

Unknown RF signal

Heterogeneous MCF
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[/ % x
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Fig. 1. Schematic diagram of the proposed microwave frequency measurement scheme
using a heterogeneous multicore fiber. IM: intensity modulator, PD: photodetector.

After propagation through a given core n, the group delay, 7, at an optical wavelength A, can
be expanded in a first-order Taylor series around an anchor wavelength Ay, as [23]:

T,(A) = (70,0 + DO,n(/l - o)L, ()
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where 79, and Dy, are the group delay per unit length and chromatic dispersion of core n at Ay,
respectively, and L is the fiber length. The differential group delay (DGD) between cores 7 and
m, is then expressed as:

At(A) = [Ato + AD(A — A9)]L, 2)

where Aty = 19, — 70, and AD = Dy, — Do, are the differential group delay per unit length
and differential chromatic dispersion between two cores at the anchor wavelength.

The DGD among the cores could be used to realize 2-tap microwave signal filters, through
combining the output of any two cores and detecting them jointly with a single photodetector [5].
Thus, after propagation through the four heterogeneous cores, two individual 2-tap microwave
signal filters could be implemented, where the DGD between the cores constructing the two
filters are A7y and Ar,, respectively. The microwave power, P;, detected at the output of filter j,
(j = 1,2) can be written as

P; o< Rj[1 + cos(2nfrrATi)] = ZRjCOSZ(ﬂ'fRFATj), 3)

where fgr is the unknown frequency of the microwave signal and the free spectral range (FSR) of
filter j is FSR; = 1/At;. The responsivity of the PD associated with each filter is represented by
R;. The ratio between the two detected powers is used as the ACF, given by

Py Rycos*(nfrrA
AcE < 1 _ Ricos (nfrFATY)

=_—— “4)
Py Rycos*(nfrrATs)

To get a better understanding, the frequency responses of two 2-tap microwave filters, with
DGD values of 100 ps and 200 ps are shown in Fig. 2(a), while their power ratio is the yellow
curve depicted in Fig. 2(b). It can be seen that the ratio has a larger slope than the individual
frequency responses; thus, using the power ratio to estimate the unknown frequency increases the
measurement resolution. Moreover, as can be seen in Eq. (4), the ACF is not sensitive to the RF
power and its possible variations. Also, since only one optical laser is used in our scheme, the
measurement system is not influenced by the fluctuations of the laser power.

According to Eq. (4), there is a unique mapping between the ACF value and the RF frequency
over a frequency range, determined by the smallest FSR; or the largest At;, (j = 1,2). Thus, within
this frequency range, in which the ACF is monotonic, one can calculate the unknown RF frequency
from the measured ACF. However, when the frequency measurement bandwidth is larger than
a monotonic interval of the ACF, for a given power measurement, several potential frequency
solutions are found (see the yellow and purple dots in Fig. 2(b)), making the identification of the
correct solution unfeasible. Thus, on one hand, the ACF requires a large monotonic interval,
to increase the frequency measurement bandwidth, and on the other hand, the measurement
resolution becomes relatively low in large monotonic intervals. To overcome this trade-off
and simultaneously increase the measurement bandwidth and resolution, one can use multiple
ACFs instead of just one. The collective information provided by different ACFs can be used to
determine the correct frequency solution.

In order to obtain several ACFs using our proposed scheme, we have taken advantage of the
dependence of the DGD on the optical wavelength, as indicated by Eq. (2). By tuning the laser
wavelength, At; and A, values change, and consequently we can get multiple ACFs. Moreover,
it is also possible to increase the number of ACFs by constructing multiple (instead of just two)
2-tap microwave filters, using MCF cores with different At values. However, this would require
a higher number of photodetectors, i.e, two photodetectors per ACF. Therefore, we will restrict
the number of microwave filters to 2.

To estimate the unknown frequency using our proposed scheme, initially, for several specific
laser wavelengths (different At values), the corresponding ACF values over a given microwave
frequency bandwidth are found and stored in a look-up table. The look-up table, which expresses
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Fig. 2. (a) Simulated frequency responses of two 2-tap microwave filters with different
FSRs. (b) Simulated ACF curves for 2 wavelengths, with different A7 and Aty values.
The yellow and purple curves are referred to as ACF I and ACF II, respectively. ACF I
is the power ratio of the two microwave filter frequency responses shown in (a). Dashed
lines indicate the microwave power ratio corresponding to 4.1 GHz for each of the two ACF
curves. The dots show all the frequencies of each ACF curve that have the same power ratio
value as that of 4.1 GHz.

the relationship between each of the ACFs and the microwave frequency, is used as a reference.
Then, after receiving an unknown microwave signal by the antenna, the powers at the output
of the PDs are measured at those laser wavelengths and the corresponding power ratios are
calculated. A search algorithm is used to compare the measured power ratio values with the
look-up table and find all the potential solutions of each ACF. The intersection of the potential
solutions of the different ACF curves is chosen as the unknown frequency. This is explained
using a simulation in Fig. 2(b), where two ACF curves that are used to establish the look-up table,
are displayed. In the yellow curve (ACF I), we have At; = 100 ps and Ar, =200 ps, while in the
purple curve (ACF II), it is assumed that the laser wavelength has changed and At = 150 ps and
A1, =300 ps are obtained. The yellow and purple horizontal dashed lines show the measured
power ratios at a given unknown frequency, for ACF I and ACF II, respectively. The yellow and
purple dots are, therefore, the potential frequency solutions of each ACF. The intersection of
these solutions, which is 4.1 GHz, is estimated as the unknown frequency. It is worth mentioning
that since there might be a small discrepancy among the solutions found by the two ACFs, the
frequency found by ACF II should be used as the final estimated value, since it has a higher slope
around 4.1 GHz as compared to ACF 1.

In our simulations and experiment, two similar PDs are considered, leading to R} = R; in
Eq. (4). Nevertheless, even if different PDs are employed, it will not affect the performance as
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long as the look-up table is established using the same two PDs as the ones used later for the
frequency measurements.

3. Heterogeneous multicore fiber

In this work, we use a 5-km dispersion-engineered heterogeneous MCF, with 7 trench-assisted
cores placed in a hexagonal lattice structure. The MCF has GeO,-doped silica cores (with
different doping amounts and dimensions), that are surrounded by a pure silica inner cladding
and a 1%-Fluorine-doped trench. More details about the fiber structure can be found in [24].
Originally, the cores of this MCF were designed and fabricated with the purpose of operating
as tunable sampled true-time delay lines for applications in microwave photonics [23], which
requires the DGD among any two neighboring cores to be constant and to vary linearly with the
optical wavelength. According to Eq. (2), these conditions can be fulfilled when at the anchor
wavelength, the group delay of all cores are identical (Ary = 0) and AD among all neighboring
cores is constant. To obtain Aty = 0, we have used variable delay lines (VDLs) or suitable short
lengths of single-mode fiber (SMF) to adjust the slight mismatches between the group delays of
the cores at the anchor wavelength Ay = 1530 nm. Thereafter, since the cores are designed to
have a constant AD among them, At varies linearly with the optical wavelength and no further
adjustment of the VDLs are required for operating at different wavelengths.

In Fig. 3, the designed and measured DGDs of the cores with respect to core 7 are displayed.
A good agreement is observed between the theory and experimental measurements for cores 3
to 7, over a 30-nm wavelength range, which confirms that for any given wavelength within this
range, the DGD is constant among neighboring cores (excluding cores 1 and 2). Cores 1 and 2,
which are the two smallest cores, have been substantially affected by fabrication errors, which in
turn has affected their dispersion properties and led to the mismatches observed between the
theory and measurements. As can be seen, the DGD between cores 5 and 7 is twice that of cores
3 and 4. Accordingly, we have used the outputs of cores 3 and 4 and those of cores 5 and 7, to
construct filters 1 and 2 of Fig. 1, respectively, where we have A, = 2A7y.

1000

— Designed

ps)

o Measured A

~

c 800

Differential group delay, 7, - 7

600

1540 1545 1550 1555 1560

Wavelength, A (nm)

1530 1535

Fig. 3. Differential group delays of the MCF cores with respect to core 7. The inset shows
the SEM image of the fabricated MCF.
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The measured chromatic dispersion of cores 1 to 7 at 1530 nm are 14.4, 15.2, 16.6, 17.6, 18.6,
19.6 and 20.6 ps/km/nm, respectively, showing an incremental dispersion of AD = 1 ps/km/nm
for cores 3to 7.

4. Experiment and discussion

Figure 4 shows the frequency measurement experimental setup. A broadband source followed
by a 0.1-nm-bandwidth optical filter is used as the input optical signal, in order to avoid optical
coherent interference. The optical signal is amplified by an erbium-doped fiber amplifier (EDFA)
and injected into an IM. The modulator is driven by a microwave signal generated by a Vector
Network Analyser (VNA), where the RF power is 5 dBm and the RF frequency varies from
10 MHz up to 40 GHz. To avoid the carrier suppression effect, single sideband modulation is
employed. The modulated signal is split and launched into cores 3, 4, 5 and 7 of the 7-core MCF
using a fan-in device. The average insertion loss of the cores is 5.8 dB and the average crosstalk
among the cores at the MCF output (including the fan-in/fan-out devices) is below -40 dB. At
the output of the 5-km MCF, VDLs are used to compensate the mismatches between the core
DGDs at the anchor wavelength 49 = 1530 nm, similar to Fig. 3. The output power of the
cores are then equalized using variable optical attenuators (VOAs) to obtain uniform amplitude
distribution. Cores 3 and 4 are combined and detected together by a 43-GHz PD, to realize a
2-tap filter. Similarly, cores 5 and 7 are used to construct another 2-tap filter with a different FSR,
given that AT, = 2A7;. The ratio of the power detected by these two PDs is used as the ACF.
By sequentially setting the operational wavelength at 1550, 1552, 1557 and 1560 nm through
adjusting the optical filter, A7 values of 100, 110, 135 and 150 ps are obtained, respectively.
These DGD values are calculated according to Eq. (2), using the dispersion values provided in
Section 3 and considering Aty = 0 at 1530 nm. The ACF curves are measured ten times at each
of these four wavelengths and their averages are employed to establish a look-up table, as shown
in Fig. 5.

7-core MCF
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Fig. 4. Experimental setup of the proposed microwave frequency measurement scheme.
BS: broadband source, EDFA: erbium-doped fiber amplifier, IM: intensity modulator, VDL:
variable delay line, VOA: variable optical attenuators, PD: photodetector, VNA: vector
network analyser.

To evaluate the performance of the proposed scheme in estimating unknown frequencies, the
microwave frequency applied to the modulator is swept from 0.5 GHz to 40 GHz in 0.5-GHz
steps and for each applied frequency, the operational wavelength is successively set to 1550,
1552, 1557 and 1560 nm. For each wavelength, firstly, the power detected by the two PDs is
measured and their ratio is calculated. Secondly, using a search algorithm, the measured power
ratio is compared with the look-up table (with the ACF curve of Fig. 5 corresponding to the
same wavelength) and all the frequencies that have the same power ratio as the measured value
are found and appointed as potential solutions of that ACF curve. The differences between the
potential solutions found for the four ACF curves are calculated and the frequency with the
minimum difference is estimated as the unknown frequency (see Fig. 5). Once the whereabouts
of the unknown frequency are known, the final estimated value is chosen from the ACF curve
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Fig. 5. ACF curves measured at four different wavelengths. The relative group delays
between the cores used for implementing the two 2-tap filters are A7| and A1y, respectively,
where Aty = 2A1;. The dashed lines indicate the microwave power ratio corresponding to
18 GHz for each of the ACF curves, while the dots show all the potential frequency solutions.
As shown in the shaded areas, the first 3 ACF curves have a potential solution at both 18
GHz and around 33 GHz. However, while the fourth ACF curve has a solution at 18 GHz, it
does not have one close to 33 GHz. Therefore, the unknown frequency should be estimated
based on all 4 ACF curves, since using fewer curves could lead to considerable error.

that offers the best resolution, i.e. the one with the highest slope at that frequency (which in most
cases, is the ACF curve with the largest A7 value). Also, if a frequency is within the vague area
close to the peaks or notches of an ACF curve, the value found by that curve is not used as the
final frequency value.

It should be noted that since our measurement bandwidth is rather large (40 GHz), we need at
least 4 ACF curves to be able to retrieve all the frequencies within this bandwidth with a small
error. As explained in Fig. 5, if fewer number of ACF curves are used, there might be cases in
which the intersection of the potential frequency solutions results in two frequencies instead
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Fig. 6. (a) Estimated frequency as a function of the input frequency (blue dots) and the
corresponding residual error (red dots). (b) The calculated root-mean square error at each
input frequency.

of one, consequently leading to considerable measurement errors. Moreover, to considerably
increase the measurement speed, one could use a multiport waveshaper and an ultrafast switch to
switch between the 4 operational wavelengths.

Figure 6(a) displays the microwave frequency estimated by the proposed frequency measurement
system versus the applied input frequency (in blue) along with the residual measurement error
(in red), for five sets of measurements. The maximum residual error is below +71 MHz and the
root-mean square (rms) error, shown in Fig. 6(b), is below 44 MHz within 0.5-40 GHz. The
larger error at higher frequencies could be related to their proximity to the bandwidth limit of the
modulator and photodetector, which are both around 40 GHz. The sources that contribute to this
error could be the amplified spontaneous emission noise of the EDFA, the bias drift of the IM, the
shot noise and thermal noise from the PDs and the thermal noise of the VNA, which cause slight
jitters in the notch frequency of the microwave photonic filters and consequently vary the ACF.
Our results show a considerable improvement both in measurement bandwidth and resolution
compared to previously reported frequency measurement schemes based on dispersive delay
elements [7,8,17-22], which to the best of our knowledge in the best case had obtained errors of
up to £90 MHz over a 19.5-GHz frequency range [21]. Table 1 provides a comparison between
our work and some other frequency measurement systems, in terms of their employed technology,
measurement method and performance. In some studies exploiting optical nonlinearities, lower
error microwave frequency estimations have been reported. A measurement error of 1 MHz
over a range of 9-38 GHz has been achieved through stimulated Brillouin scattering (SBS) in
a photonic chip [25], while four-wave mixing (FWM) in a highly nonlinear fiber (HNLF) has
been used to obtain an error of 4.15 MHz within a 40-GHz bandwidth [26]. Although our
measurement accuracy is not as good as these relatively more complex schemes based on optical
nonlinear effects, we believe it is possible to further improve the accuracy of our scheme by
increasing At values and consequently increasing the slope of the ACF curves. This could be
realized through different approaches, such as decreasing the anchor wavelength by adjusting the
VDLs, increasing the length of the MCEF, or using a different set of cores with larger DGDs to
construct the microwave filters. For instance, cores 4 and 6 could be employed to realize one
filter and cores 3 and 7 for another, which would double the At values presented in this work.

As compared to using individual single-mode fibers, exploiting the multicore fiber assures
a higher performance stability to environmental changes as all the optical paths are hosted by
the same cladding, which reduces the possible variations in the DGDs between adjacent cores.
Moreover, to avoid excessive measurement errors, different look-up tables corresponding to
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Table 1. Comparison between different frequency measurement systems

Technology Range (GHz) Error (MHz) Mapping type

SBS (chalcogenide chip) [25] 9-38 1 ACF

FWM (HNLF) [26] 0.04-40 4.15 Frequency-to-power
Micro-disk resonators [14] 1.6-40 60 ACF

(silicon chip)

Dispersive element [21] 0.5-20 90 Multiple ACFs
(several SMF spools)

Dispersive element (SMF) [9] 2-19 200 ACF

Frequency shifter + SBS (SMF) [15] 0.1-20 250 Frequency-to-time
FWM (silicon chip) [12] 0-40 318.9 (rms) Frequency-to-power
Our work 0.5-40 71 Multiple ACFs

different environmental conditions could be established and according to the environmental
conditions at the time of the frequency measurements, the correct associated look-up table could
be used.

5. Conclusions

We propose and experimentally demonstrate, for the first time to our knowledge, a novel frequency
measurement scheme based on a heterogeneous multicore fiber. The differential group delays
between four cores of the multicore fiber are used to realize two tunable two-tap microwave
filters with different free spectral ranges. The ratio between the frequency responses of these
two filters is used to construct an amplitude comparison function. By tuning the wavelength of
the signal propagating through the multicore fiber, the FSR of the filters is varied and different
ACEF curves are obtained. The unknown frequency is then estimated using the obtained ACFs.
Within a measurement range of 0.5-40 GHz, a residual error of £71 MHz (root-mean square error
of 44 MHz) is achieved, which is a considerable improvement in terms of both measurement
bandwidth and resolution as compared to previous reports based upon dispersive delay elements.
This new demonstration extends the range of microwave signal processing applications enabled
by a heterogeneous MCF.
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