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Abstract: A microwave frequency measurement system based on a ring assisted Mach-
Zehnder interferometer (RAMZI) with a large measurement range and high accuracy is
proposed and experimentally demonstrated. By using single-sideband modulation, the
microwave signal with unknown frequency is converted to an optical sideband signal,
which is used to probe the two complementary output optical powers of the ring-assisted
Mach-Zehnder interferometer, then a fixed frequency-to-power mapping is established by
obtaining a highly linear amplitude comparison function (ACF). High-precision frequency
measurement with a root mean square error (RMSE) of less than 30 MHz was achieved
in a frequency range of 5.2 GHz, and relative low-precision frequency measurement with
a RMSE of less than 102 MHz was achieved in a frequency range of 11 GHz. Besides, in
order to break the trade-off between measurement range and measurement accuracy, a
multi-band measurement method was implemented and frequency measurement range of
5∼39 GHz with RMSE lower than 37 MHz was achieved.

Index Terms: Microwave frequency measurement, microwave photonics, ring assisted
Mach-Zehnder interferometer.

1. Introduction
Frequency measurement technology has played an irreplaceable role in modern electronic warfare
(EW) applications, especially in radar systems. It has been difficult for the traditional electronic
system to meet the further development of frequency measurement requirements because its
measurement range is limited by the bandwidth of electronic components [1]. In recent years,
microwave technology and optics have merged to form microwave photonics (MWP) [2]. With
the advantages of both optical and microwave technologies, this new discipline shows excel-
lent performance in the field of frequency measurements, such as wider measurement range,
low-loss, lightweight, and immunity to electromagnetic interference (EMI) [3]. Recently, numerous
approaches based on MWP have been proposed [4]. In general, there are roughly three different
types of microwave photonic frequency measurement schemes, which are based on time-domain
scanning [5]–[12], photonic-assisted channelization [13]–[18] systems and frequency-to-power
mapping [19]–[38].

Vol. 12, No. 4, August 2020 7102213

https://orcid.org/0000-0002-6400-3177
https://orcid.org/0000-0002-7492-1393
https://orcid.org/0000-0002-1300-8154
https://orcid.org/0000-0002-4648-2506


IEEE Photonics Journal Microwave Frequency Measurement System

In a time-domain scanning systems, by scanning the laser wavelength [5]–[9] or the filter
wavelength [10]–[12], the optical carrier and the first-order sideband containing the frequency infor-
mation will align the filter frequency successively. Therefore, the frequency of the microwave signal
can be judged by the time interval between the occurrence of the two filtered optical signals. In
this method, the measurement range is closely related to the scan time. If the measurement range
is enlarged, the measurement time will also increase, which is not conducive to instantaneous
measurement in a wide frequency range. Besides, the measurement resolution will be determined
by the filter’s bandwidth.

In the systems based on photonic-assisted channelization [13]–[18], the first-order sideband
containing the frequency information falls into one optical channel at a specific frequency band.
The output power of each channel is monitored. Once an optical signal is detected at the output of
a channel, the frequency of the microwave signal can be inferred from the frequency band of the
channel. The measurement accuracy of such systems is limited by the channel bandwidth, and the
error is usually above 1 GHz.

The main idea of the frequency-to-power mapping systems is to map the frequency of the
microwave signal to microwave power [19]–[26] or optical power [27]–[38]. Once a unique rela-
tionship between the frequency and the power is established, the frequency value can be indirectly
obtained by measuring the power value. The microwave power detection scheme usually based
on microwave power attenuation effect [19]–[22] caused by fiber dispersion or microwave filter
response [23]–[26]. These systems inevitably require high-speed photodetectors (PDs), which
makes the system cost high. However, for optical power mapping system, only low-cost low-speed
PDs are needed, which can reduce the system cost effectively. Such schemes are usually imple-
mented by optical mixing [27]–[31] or optical filtering [32]–[38]. In the optical mixing scheme, the
system is complex and bulky, and the measurement error is usually large. However, optical filtering
scheme does not require a complex mixing system, and shows a better measurement accuracy. In
approaches based on optical filtering [32]–[35], complex optical comb filtering modules were used
as the core of the system. In order to achieve two different filtering responses, Ref. [32] and Ref.
[33] use two laser sources, which make the system large and expensive. Systems in Ref. [34] and
Ref. [35] are simplified by using polarizing beam splitter (PBS), but they are sensitive to signal’s
polarization. Fortunately, these problems can be solved by using an integrated photonic filter
chip with complementary transmission responses. Both Ref. [36] and Ref. [37] use the integrated
Mach-Zehnder interferometer (MZI) as the optical filter chip and the carrier-suppressed double-
sideband (CS-DSB) modulation was used in frequency measurements. The former approach has
a measurement range of 5∼15 GHz and a RMSE lower than 200 MHz. And the latter has a
measurement range of 4∼18 GHz and a maximum error of 1.9 GHz. In Ref. [38], an add-drop
optical ring resonator (ORR) was used as the filter chip, which can achieve measurements with
a RMSE of 63 MHz in frequency range of 0.1∼5 GHz or measurements with a RMSE of about
240 MHz in range of 0.5∼35 GHz. However, high-precision measurement and large bandwidth
measurement were implemented with two different chips. Besides, the common limitation of only
fixed measurement range were obtained in the approaches proposed in [36]–[38].

In this paper, we propose and experimentally demonstrate a novel approach to achieve mi-
crowave frequency measurement with high accuracy and low cost. Comparing with the bulk
solutions mentioned in the introduction, the system weight and size can be greatly reduced. The
reasons for choosing Si3N4 waveguide platform to achieve frequency measurement are as follows:
First, comparing with Silicon-On-Insulator (SOI) waveguide, the Si3N4 waveguide has much lower
propagation loss (∼0.2 dB/cm here), which is critical for obtain high quality ring resonator to achieve
high precision frequency measurements. Second, the fabrication process is simpler comparing
with SOI waveguide because lithography process with much lower resolution is enough. Third,
the Si3N4 waveguide has no two-photon absorption effect, which will limit the optical power in the
waveguide and degrade the signal noise ration (SNR) of the frequency measurement system. The
key device in this system is a low-loss tunable silicon nitride integrated RAMZI [39]. It has two
output ports whose transmission spectra are complementary. After calculating the optical power
ratio of the two output ports, a high slope ACF can be obtained and frequency measurement
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Fig. 1. Schematic diagram of the proposed microwave frequency measurement system. (TLS: tunable
laser source, PC: polarization controller, MZM: Mach-Zehnder Modulator, OBPF: optical band-pass
filter.)

with high precision was achieved. By tuning the RAMZI, we achieved a high-precision frequency
measurement with a RMSE of less than 38 MHz in the frequency range of 5.2 GHz and a relative
low-precision frequency measurement with an RMSE of less than 102 MHz in the frequency range
of 11 GHz. Besides, by adopting a multi-band measurement approach, the measurement range
can be extended to 39 GHz, while the RMSE can still be maintained within 38 MHz, so that the
trade-off between measurement range and measurement accuracy is resolved. Comparing with
the frequency measurement technologies using the integrated Mach-Zehnder interferometer (MZI)
and add-drop optical ring resonator (ORR), the main disadvantage of the proposed RAMZI is more
tunable elements are adopted, which will induce more power consumption.

2. Principle
The scheme of the proposed frequency measurement system based on a RAMZI is shown in Fig. 1.
A continuous wave (CW) laser carrier is sent into a Mach-Zehnder modulator (MZM), where an
unknown microwave signal is modulated on the optical carrier. The MZM is biased at the minimum
transmission point (MITP) to produce a CS-DSB signal, which is shown as the spectrum at point B.
Subsequently, an tunable optical band-pass filter (OBPF) is used to select the lower sideband (LSB)
signal, while rejecting the upper sideband (USB) signal and the residual optical carrier, as shown
at point C in Fig. 1. Then a carrier-suppressed single-sideband (CS-SSB) modulation is achieved.
As a result, only the LSB signal working as a tunable laser can be launched into the RAMZI, which
can be regarded as a pair of filters with complementary filtering response. The filtering responses
are shown at points D and E, where the two filtered optical outputs are completely opposite. Then
the two filtered optical outputs are detected by a dual-channel optical power meter and sent to
a computer for processing. Finally, the ACF, which defined as the detected optical power ratio, is
given:

ACF (f ) = P1 (f )
P2 (f )

(1)

where f is the microwave frequency to be measured, P1(f) and P2(f) are the two output optical
powers after the RAMZI. Once the unique relationship between the microwave frequency and ACF
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Fig. 2. The (a) picture and (b) structure of the tunable RAMZI chip.

is obtained and calibrated, the microwave frequency can be determined by the measured ACF
value.

The picture of the whole chip and structure of the RAMZI chip are shown in Fig. 2. The chip size
is 16 mm × 16 mm, and the RAMZI structure only occupies about 4 mm × 6 mm. It was fabricated
based on the silicon nitride waveguide by using the TriPleX technology [40]. In the RAMZI, two
tunable micro-ring resonators (MRRs) with the same perimeter of 2.927 mm are coupled to the
two arms of a Mach-Zehnder interferometer (MZI). The corresponding free spectral range (FSR)
of the MRR is 60 GHz. By using thermo-optic heaters on the RAMZI chip, three tunable phase
shifters are realized, whose locations are represented by red dots A, B, and C in Fig. 2(b). Here
due to the unavoidable fabrication error (the resolution is only about 1 μm for the Lionix’ MPW
service), the initial state of the chip is usually deviated from the design and not optimized for
frequency measurements. By adjusting the rings and the MZI with the tunable phase shifters,
the fabrication tolerances can be compensated and different optimized ACFs can be obtained for
different application scenarios as below.

By using the well known transfer matrix method, the tunable RAMZI can be modeled as:
[
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where Ein1, Ein2 and Eout1, Eout2 are the input and output optical fields, respectively. k1 and k2 are
the power coupling coefficients of two directional couplers, respectively. ϕ is the additional phase
generated by the variable phase shifter A. The transfer functions of the two MRRs, can be written
as follows:

Hn = t − αe j (θ+ψ )

1 − αt e j (θ+ψ )
(n = 1 or 2) (3)

Here, t is the self-coupling coefficient of the MRR, α is the transmission factor, θ is the induced
round-trip phase shift of the MRR, and ψ is the additional phase shifts generated by variable phase
shifter B and C.

When assumed α = 0.9961, t = 0.6739, k1 = 0.7289 and k2 = 0.7783, the two outputspectra
and the their corresponding ACF were simulated and shown in Fig. 3. The curves corresponding
to output 1 and output 2 are the spectra at points D and E in Fig. 1, respectively. In our system, the
LSB signal containing the microwave frequency information is launched into the RAMZI from one
port, as shown by the solid green arrow in Fig. 3. And the wavelength range shown in the black
dotted rectangle was selected by the OBPF and regarded as the frequency measurement range.
After passing the RAMZI chip, the microwave frequency to be measured can be mapped into the
monotonic ACF, which has been calibrated previously. Then the unknown microwave frequency can
be measured according to the unique relationship between the microwave frequency and the ACF
value.
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Fig. 3. Schematic diagram of ACF simulation results and measurement principles.

3. Experiment Results
The experiment was conducted in a clean room, and the ambient temperature during the exper-
iments was set as 25 °C. No closed loop temperature control of the chip was used. Before the
frequency measurement, we check the spectra of the chip applied with suitable voltages every
ten minutes and no obvious spectra variations were observed. However, closed loop temperature
control with thermal electric cooler (TEC) should be added if the proposed chip will be used outside.

3.1 High Precision Frequency Measurement in Narrow Frequency Range

As shown in Fig. 1, an optical carrier with 15 dBm power emitted by a tunable laser source (TLS,
SANTEC WSL-100) was launched into a 40 GHz MZM (iXblue-1550 MXAN-LN-40) with 3.5 dB
insertion loss. By feeding a microwave signal with 15 dBm power from a microwave signal source
(Keysight E8257D) into the MZM which was biased at the MITP, a CS-DSB signal was generated.
The CS-DSB signal was then introduced into a tunable OBPF (SANTEC OTF-980) to filter out the
LSB signal, then a CS-SSB signal can be obtained. For example, Fig. 4 shows the generation
process of the CS-SSB signals at 3 GHz. As shown, the optical carrier and the USB signal were
suppressed at least 11.8 dB and 31.0 dB, respectively. In the experiment, the bandwidth of tunable
OBPF is only 0.05 nm (6.25 GHz) with ultra-high filter slope of 1000 dB/nm (8 dB/GHz). It is true
the limited bandwidth of the filter can not achieve very pure CS-SSB signal when the modulation
frequency is lower than 3 GHz. Therefore, in the experiments, the measured lowest frequency was
chosen as 5 GHz to get at least 30 dB suppression of the optical carrier and one sideband, thus
a pure CS-SSB signal were guaranteed. Then, the CS-SSB signal working as a tunable laser was
launched into the RAMZI chip. By detecting the two output optical power of the RAMZI chip using
a dual-channel optical power meter (THORLABS PM320E), a calibrated ACF which mapped to the
microwave frequency can be obtained.

During the chip measurements, it was found when the resonance wavelengths of the two rings
were adjusted enough close to each other, the outputs of the RAMZI shown in Fig. 5 basically con-
sistent with the simulation results in Fig. 3. However, the extinction ratio of output2 is very limited,
which will degrade the slope of the ACF according to Eq.(1) and limit the frequency measurement
precision. In order to get an optimized ACF for high precision frequency measurement, by slightly
separating the two rings’ resonance wavelengths, a set of output spectra with large extinction ratios
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Fig. 4. Optical spectra of the CS-DSB modulation (blue), tunable OBPF (red), and CS-SSB modulation
(green).

Fig. 5. The measured spectra close to the simulation results.

Fig. 6. The (a) transmission spectra and (b) ACF of the RAMZI.
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Fig. 7. The (a) ten measurements of the ACF; (b) averaged ACF.

were obtained as shown in Fig. 6(a). Therefore, these output spectra were chosen for high precision
microwave frequency measurement.

When the spectra shown in Fig. 6(a) appears, the voltages applied to the phase shifters B and
C are 6.9V and 5.35V, respectively. Here the laser carrier wavelength was set as 1550.084 nm,
and the wavelength range of 1549.96 nm∼ 1550.00 nm shown between the two blue dotted lines
was chosen for frequency measurement. And the corresponding frequency measurement range
is 10.5∼15.5 GHz. The ACF in this wavelength range was calculated according to the measured
optical transmission spectra and shown in Fig. 6(b). As can be seen, a linear and monotonic ACF
in frequency range about 5 GHz was obtained, and a relative large slope of 6.87 dB/GHz was
achieved, which is important for high precision frequency measurements.

Then 10 GHz∼16 GHz microwave signal with 20 MHz frequency step from the RF source was
input into the frequency measurement system to calibrate the ACF. Ten independent experiments
with time span of 1∼2 minutes between each measurement were performed, and the obtained
results are shown in Fig. 7(a). It is obvious that good consistency among these measurements
were obtained, which indicates the stability of the system. In addition, in the following frequency
measurements, the output spectra of the RAMZI chip and corresponding ACF curves were always
kept stable in the lab environments. And the averaged ACF shown in Fig. 7(b) was chosen in the
following frequency measurements. The slope of the averaged ACF is about 6.73 dB/GHz, which
is very close to the calculated result shown in Fig. 6(b).

Here the monotonic and linear part in the middle of the averaged ACF was used for microwave
frequency measurements. As can be seen in Fig. 8, microwave signals in the frequency range of
10.5 GHz to 15.7 GHz can be measured, which is very close to the theoretical measurement
range shown in Fig. 6(b). In order to verify the measurement errors, the relationship between
the measured microwave frequency and the input microwave frequency are shown in Fig. 8(a).
And Fig. 8(b) shows the corresponding measurement errors, which are mainly distributed in the
frequency range of -60 MHz∼60 MHz, except for few relative large errors about ±180 MHz at
lowest frequencies due to the increased nonlinearity of the ACF. It is well known that the maximum
errors [37] and RMSE [36] are usually used to evaluate the stability of the system. The maximum
error of these ten measurements is limited in −180 MHz∼120 MHz, and the maximum RMSE is
less than 30 MHz.

3.2 Low Precision Frequency Measurement in Large Frequency Range

According to the previous theoretical analysis and experiments, it can be seen that the trans-
mission spectrum of the RAMZI chip shown in Fig. 6(a) can only measure microwaves in the
frequency range of about 5 GHz. By increasing the voltage applied to the phase shifter C to
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Fig. 8. The relationship between input frequencies and (a) the measured frequencies; (b) the measure-
ment errors.

Fig. 9. (a): Transmission spectrum of RAMZI and (b): Mean ACF of ten measurements.

10.1 V, the wavelength difference between the resonances of the two MRRs can be increased
and the transmission spectrum of the RAMZI chip shown in Fig. 9(a) was obtained. Under this
circumstance, the wavelength range (1550.04 nm∼1550.128 nm) marked by the blue dotted line
was selected for frequency measurement. Thanks to the larger monotonic wavelength range, it
is possible to achieve frequency measurement with wider frequency range. By setting the laser
wavelength as 1553.32 nm and scanning the microwave frequency from 23.5 GHz to 36 GHz with
50 MHz frequency step, an averaged ACF shown in Fig. 9(b) was obtained after ten independent
measurements.

In this case, the relationship between the measured and input frequencies in the range of
24-35 GHz is shown in Fig. 10(a), and the measurement error is shown in Fig. 10(b). The maximum
measurement error from these ten measurements is limited in ±350 MHz and the maximum value
of RMSE is less than 102 MHz. Obviously, compared with the previous scheme, the measurement
range is enlarged from 5 GHz to approximately 11 GHz, but the largest RMSE is also increased
from 30 MHz to 102 GHz. Therefore, there is a trade-off between measurement range and
measurement accuracy.

3.3 Multi-Band Frequency Measurement

In order to achieve frequency measurement with wide range and high accuracy simultaneously, a
multi-band frequency measurement scheme as shown in Fig. 11 was proposed. First, the OBPF
was used to select the 5 GHz spectral range of the RAMZI with high frequency resolution as
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Fig. 10. (a): The relationship between the measured frequency and the input frequency; (b): the
measurement errors.

Fig. 11. Schematic diagram of multi-band measurement.

TABLE 1

The Optical Carrier’s Wavelengths and the Corresponding Frequency Band to be Measured

shown in Fig. 11, so that only optical signals located in this wavelength range can enter the
RAMZI chip. Then, by setting different optical carrier’s wavelengths with 5 GHz frequency step,
the corresponding LSBs located in different frequency bands fall into the selected RAMZI’s filtering
spectral range, and microwave signals in different frequency bands with 5 GHz bandwidth can be
measured each time. Finally, a wider microwave frequency measurement range can be obtained
by stitching these narrow frequency bands.

In order to achieve high frequency resolution, the RAMZI transmission spectrum shown in
Fig. 6(a) was chosen. In a proof of concept experiment, the optical carrier’s wavelengths and their
corresponding frequency band to be measured is shown in Table 1.

Since it is difficult for the OBPF to completely remove the out of band signal and the remained
very weak residual signal can have a huge impact on measurement results. For example, if two
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Fig. 12. ACFs for multi-band measurements.

Fig. 13. (a) Relationship between the measured and input frequencies in multi-band measurements;
(b) measurement errors.

output power detected by the optical power meters is −70 dBm and −75 dBm, the power ratio will
be 5 dB and the wrong microwave frequency will be calculated. A criterion on the two monitored
optical powers was introduced to eliminate the obstacles: if the output power of any port is too
small (the critical value was selected as −45 dBm in the experiment), it will be regard as noise and
ignored. Under this condition, the wavelength of the optical carrier was set according to Table 1
and the RF source was scanned in 20 MHz frequency step in each frequency band to calibrate the
ACFs. The multi-band mean ACFs after ten measurements were obtained as shown in Fig. 12.

As the microwave frequency increases, the modulation efficiency will decrease and the output
power decreases accordingly. Therefore, when measuring high-frequency microwave signal, it is
necessary to reduce the range of ACF to ensure a high-precision measurement result. It can also
be seen from Fig. 12 that each two adjacent ACFs has a small overlap, which is to prevent the
unknown frequency at the edge of the ACF from being ignored due to errors. If the microwave
frequency is measured at both overlapping parts, the measurement result in the low frequency
band was chosen.

By using the calibrated multi-band mean ACFs shown in Fig. 12 and set the optical carrier
wavelengths according to Table 1, we measured microwave frequencies in the range of 5∼40 GHz
with 20 MHz frequency step for ten times. The relationship between the measured and actual
input frequencies is shown in Fig. 13(a), and the corresponding measurement errors are shown in
Fig. 13(b).The maximum measurement error is limited in ±180 MHz, and the maximum RMSE is
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Fig. 14. The frequency measurement error distributions at (a) 20 GHz and (b) 35 GHz.

Fig. 15. Variation of RMSE with (a) optical power and (b) microwave power.

no more than 37 MHz. Obviously, the proposed multi-band measurement inherits the advantages
of high accuracy of single-band measurement then the trade-off between the measurement range
and accuracy is overcome.

In order to evaluate the frequency measurement accuracy of this system, we input two microwave
signals with frequencies of 20 GHz and 35 GHz. After 500 measurements„ the errors were obtained
as shown in Fig. 14. When the input frequency is 20 GHz, 72% of the errors are limited in ±20 MHz.
When the input frequency is 35 GHz, the measurement error is larger, which may be due to the
lower RF response of the measurement system at higher frequencies, but the overall error can still
be well controlled within about ± 50 MHz.

In addition, we also investigated the influences of the powers of the optical carrier and microwave
signals on the measurement accuracy. We selected four frequencies (18 GHz, 20 GHz, 34 GHz and
36 GHz) and the measurements were performed five times under different optical carrier powers
or microwave powers. The obtained RMSEs are plotted in Fig. 15. From Fig. 15(a), it can been
seen the RMSE generally increase as the optical carrier power decreases, and it does not change
much when the optical power is larger than 9 dBm. Fig. 15(b) shows that as the microwave power
decreases, the RMSE generally increases too, especially when the microwave power drops below
3 dBm. Considering that the power of the received microwave signal is not very high in practical
applications, the received microwave signal can be amplified by a microwave power amplifier before
being measured.

Vol. 12, No. 4, August 2020 7102213



IEEE Photonics Journal Microwave Frequency Measurement System

4. Conclusion
A microwave frequency measurement system based on a silicon nitride ring assisted Mach-
Zehnder interferometer (RAMZI) is demonstrated. By using the microwave frequency to optical
power mapping method, two ACFs were obtained by selecting two RAMZI configurations. A
high-precision frequency measurement with root mean square error (RMSE) of less than 30 MHz
was achieved in a frequency range of 5.2 GHz, and relative low-precision frequency measurement
with a RMSE of less than 102 MHz was achieved in a frequency range of 11 GHz. Besides,
a multi-band measurement method was proposed to break the trade-off between measurement
range and measurement accuracy, and frequency measurement range of 5∼39 GHz with RMSE
lower than 37 MHz was achieved. Finally, it should be pointed out that the jitter of the light
source, the temperature change, and the manufacturing error of the chip will cause errors in the
measurement results. Solving the influence of these factors is expected to further improve the
measurement accuracy of the system. After this proof of concept experiment, we are now working
on assembling the laser, RAMZI chip, photodetector, power supply and other components into a
compact package, which could be used as a frequency module. In the future, by integrating the
semiconductor laser, modulator and photodetector using the hybrid integration technology, even
compact, low power and stable frequency measurement system can be achieved.
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