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A microwave photonic frequency divider to produce a frequencydivided microwave signal with its frequency that is one-third the frequency of the input microwave signal is proposed and experimentally
demonstrated. The key novelty of the approach is that the phase control,
a condition to realise the frequency division operation, is implemented
through controlling the modulator bias voltage, enabling a wideband,
high resolution and fast response phase control. One-third frequency
division with an ultra-high harmonic suppression of over 71.5 dB is
demonstrated for the first time.

Introduction: A microwave frequency divider is a device that takes a
microwave signal with a frequency fRF and produces an output signal
with a frequency fRF /N, where N is an integer. It is an important component for applications in communications systems and instruments. For
example, using a one-third frequency divider followed by a frequency
doubler or quadrupler in a communication system can guarantee that
neither the LO nor any of its harmonics has a frequency corresponding to that of the received or transmitted signal, avoiding the LO signal to interact with the received or transmitted signal, which would degrade the system performance [1]. Implementing frequency division in
the optical domain can overcome the limited operating frequency range
of electronic frequency dividers. In addition, it also has other advantages such as low loss, light weight, and high reconfigurability. Several
photonics-based microwave frequency divider structures have recently
been reported. Most of them use an optoelectronic oscillator (OEO) to
realise frequency division through injection locking [2, 3] or based on
regenerative technique [4–7]. Both techniques require a precise control
of the gain and phase, a condition needed for frequency division at a
given input frequency. For example, the phase condition requires that
a frequency-divided signal traveling in one round trip of an OEO loop
to have a phase shift that is an integer times of 2π . Until now, most
photonic-assisted microwave frequency dividers implemented based on
an OEO use either an electrical phase shifter (EPS) or an optical variable delay line (OVDL) to control the round-trip signal phase, which
may make the bandwidth, phase shift range and resolution limited. In
addition, the phase tuning speed is also low.
In this paper, we present a new approach to implement a one-third microwave frequency divider without the need to control the phase using
an EPS or an OVDL. The key novelty of the approach is that the phase
condition required to realise the frequency division operation is implemented through controlling the modulator bias voltage, enabling a wideband, high resolution and fast response phase control. Experimental results show that one-third frequency division with an ultra-high harmonic
suppression of over 71.5 dB is achieved. Thanks to the frequency division, the phase noise performance has been improved by around 9 dB.

Structure and operation principle: Figure 1 shows the schematic diagram of the proposed photonic microwave frequency divider. It consists
of a laser source, a dual-parallel Mach-Zehnder modulator (DPMZM),
an optical bandpass filter (OBPF), and an OEO. A continuous wave
(CW) light with an angular frequency ωc generated by the laser source
is sent to the DPMZM, which consists of two sub-MZMs (MZM1 and
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Fig. 1 Schematic diagram of the proposed one-third frequency divider. DPMZM: dual-parallel Mach-Zehnder modulator; OBPF: optical bandpass filter; MZM: Mach-Zehnder modulator; PD: photodetector; EA: electronic amplifier; EBPF: electrical bandpass filter

MZM2) on each arm of the main MZM. A microwave signal to be
frequency divided is injected into MZM1 via the RF port. A DC bias
voltage Vb1 is applied to MZM1 via the DC port to bias MZM1 at the
null point. Therefore, a pair of first-order sidebands are generated at the
output of MZM1 with the carrier being suppressed. No microwave signal is applied to MZM2. Hence, only an optical carrier is present at the
output of MZM2. The DC bias voltage Vb2 applied to MZM2 is tuned
such that the optical carrier at the output of MZM2 has the same amplitude as the first-order RF modulation sidebands generated by MZM1.
The phase difference between the sideband and the optical carrier can
be controlled by the DC bias voltage Vb3 of the main MZM. The OBPF
connected to the DPMZM output is used to filter out the lower sideband.
This process produces a coherent dual-wavelength optical signal with a
frequency separation equals to the input microwave signal frequency and
a phase difference determined by the main MZM DC bias voltage Vb3 .
The coherent dual-wavelength optical signal is launched into the
OEO. The OEO loop consists of an MZM, a photodetector (PD), an
electronic amplifier (EA), an electrical bandpass filter (EBPF), and a
3-dB power splitter. The structure is similar to a conventional OEO [8],
but the MZM is biased at the null point. Once the round-trip gain of the
one-third frequency component is unity and the round-trip phase of the
one-third frequency component is an integer times of 2π [5], a new microwave signal with a frequency that is one-third the input microwave
frequency is generated at the output of the OEO. This can be done by
controlling the EA gain and the DC bias voltage of the main MZM in
the DPMZM, which can be seen from the analysis given in the following
section. It can be seen from Figure 1 that the frequency divider is implemented by a DPMZM and an MZM connected in series. To our knowledge, three microwave frequency dividers based on cascaded modulators
have been reported [6, 7, 9], but all require using an EPS to control the
round-trip phase for generating a frequency-divided signal.
Analysis: Considering a microwave signal with an angular frequency
ωRF into the DPMZM shown in Figure 1, the DPMZM output electric
field is given by
EDPMZM (t ) =


1 
Ein t f f 1 e jωc t −J1 (βRF ) e− j(ωRF t+θRF )
2
 β

 , (1)
βb2
j b2 +β
e 2 b3
+ J1 (βRF ) e j(ωRF t+θRF ) + cos
2

where Ein is the electric field amplitude of the CW light into the DPMZM, tff1 is the DPMZM insertion loss, Jn (x) is the Bessel function of
the first kind of order n, β RF = π VRF /Vπ,RF is the modulation index,
VRF and θ RF are the voltage and the phase of the microwave signal into
MZM1, respectively, Vπ,RF is the modulator RF port switching voltage,
β bi = π Vbi /Vπ,DC is the bias angle introduced by the bias voltage Vbi , i =
1, 2, or 3, and Vπ,DC is the modulator DC port switching voltage. As can
be seen, the amplitude and phase of the optical carrier at the output of
the DPMZM are dependent on Vb2 and Vb3 . Hence Vb2 can be adjusted
such that the carrier and the sidebands have the same amplitude, while
a tunable phase difference between the carrier and the sideband can be
obtained by adjusting Vb3 . Since the lower RF modulation sideband is
removed by the OBPF, the electric field of the coherent dual-wavelength
optical signal into the OEO loop is the same as (1) with the first term
inside the square brackets being eliminated.
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Assuming a microwave signal generated by the OEO is given by
Vosc (t ) = Vosc sin (ωosc t + θosc ) ,
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where Vosc , ωosc and θ osc are the amplitude, angular frequency, and phase
of the microwave signal, respectively. As shown in Figure 1, this microwave signal is fed back into the null-biased MZM inside the OEO
loop. The electric field of the optical signal after the MZM is given by

Optical Path

10%
MZM1
MZM2

Laser

Coupler

PC1

90%
EDFA1

OBPF

PC2

DPMZM
OSA

DC Bias
5%

Eout (t ) =

1 
Ein t f f 1 t f f 2 e jωc t
2
× J1 (βRF ) e j(ωRF t+θRF ) + cos

Coupler



βb2
2





e

j

βb2
2

+βb3



MZM

,

EDFA2

PD

OBPF

(3)

EBPF
Power
Splitter

· J1 (βosc ) e j(ωosc t+θosc ) − e− j(ωosc t+θosc )
where tff2 is the MZM insertion loss and β osc = π Vosc /Vπ,RF is the modulation index. There are four optical frequency components, which can
be seen by expanding (3), at the output of the MZM, with the angular
frequencies ωc ±ωosc and ωc +ωRF ±ωosc . The beating of these optical
frequency components at the PD will generate a photocurrent that has
angular frequencies of 2ωosc , ωRF ±2ωosc and ωRF . The EBPF filters out
the high frequency components leaving a low frequency component at
ωRF -2ωosc . The photocurrent after the EBPF becomes
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Fig. 2 Experimental setup of the one-third frequency divider. EDFA: erbiumdoped fibre amplifier; ESA: electrical spectrum analyser; OSA: optical spectrum analyser

(7)

operating frequency range of the frequency divider. Second, a full and
continuous 0–360° phase shift range can be obtained by controlling Vb3 .
On the other hand, although electrical digital phase shifters can provide
0° to 360° phase shift, they have a limited phase shift resolution. For
example, an 8-bit phase shifter (Pasternack 8-bit programmable phase
shifter PE82P5002) has a resolution of 1.406°. Hence not all microwave
frequency can be divided when using a digital phase shifter in an injection locking or regenerative frequency divider. A continuous phase shift
can be obtained by using electrical analogue phase shifters. However,
they have a limited phase shift range. For example, a full 0–360° phase
shift range can only be obtained for a microwave signal with a frequency
of between 5 and 10 GHz in a 5–18 GHz analogue phase shifter (Analog
Devices 400° analog phase shifter HMC247). Furthermore, the phase
shifter insertion loss will change when tuning the phase shift, which will
affect the gain condition. Hence, the gain of the amplifier inside the OEO
loop needs to be readjusted as the input microwave signal frequency is
tuned. Note that it is possible to use either an optical or an electrical variable delay line to control the signal round-trip delay time to satisfy the
phase condition. However, frequency dividers implemented using a variable delay line has a slow response time because a change in the input
microwave signal frequency requires readjustment of the variable delay
line, which has a slow tuning speed.
Once the gain and phase conditions given in (6) and (7) are satisfied, a microwave signal with a frequency that is one-third the input
microwave frequency is generated. Since an EBPF is employed inside
the OEO loop, no harmonic components are present at the output of the
frequency divider. The bandwidth of the proposed one-third frequency
divider is determined by the bandwidth of the EBPF. Since the EBPF
needs to pass the frequency component at ωRF /3 while suppressing the
second and higher order harmonics, the frequency divider has a suboctave operating frequency range and the frequency range of the input
microwave signal can be three times the bandwidth of the EBPF.

where τ is the time required for the microwave signal to travel in one
round trip inside the OEO loop and k is an integer. The gain condition
given in (6) can be satisfied by designing the EA gain GEA . In addition to
the EA, an optical amplifier can be incorporated into the loop between
the MZM and the PD to control the OEO loop gain. The phase of the
frequency divided microwave signal into the MZM is determined by the
DPMZM bias voltages Vb2 and Vb3 . Since the amplitude of the optical
carrier at the output of the DPMZM is also dependent on Vb2 , Vb2 is
used to make the carrier to have the same amplitude as the sideband.
Therefore, the main MZM bias voltage Vb3 is used to control the roundtrip phase of the frequency divided signal to satisfy the phase condition given in (7). This is different from the previously reported injection
locking and regenerative photonic microwave frequency dividers [3–7],
which use an EPS or an OVDL to control the round-trip signal phase to
satisfy the phase condition. Using Vb3 to control the microwave signal
phase has a number of advantages over the conventional electrical approaches. First, it avoids using an electrical component that limits the

Experiment: An experiment is performed based on the setup shown in
Figure 2. The blue solid line in Figure 3 shows the optical spectrum
measured at the 5% coupling ratio optical coupler output after properly
adjusting the bias voltage Vb3 of the main MZM in the DPMZM via the
bias controller and the gain of EDFA2 inside the OEO loop. It can be
seen there are four main frequency components. They are the sidebands
at the frequencies of ±6 GHz away from the dual-wavelength optical
signal that has a frequency separation of 18 GHz. This agrees with the
analysis discussed in the previous section. The coherent dual-wavelength
optical signal is around 10 dB below the sidebands. The reason why the
coherent dual-wavelength optical signal is not full suppressed is because
the MZM has a limited extinction ratio. Figure 3 also shows the optical
spectrum at the input of the OEO loop. As can be seen, the power of
the coherent dual-wavelength optical signal required to generate a frequency divided signal is around −20 dBm, which is determined by the
power of the input microwave signal and the gain of EDFA1. For a given
input microwave signal power, the gain of EDFA1 can be adjusted to



βb2
1
IEBPF (t ) = − t f f 1 t f f 2 Pin J12 (βosc ) J1 (βRF ) cos

2
2
, (4)

βb2
· cos (ωRF − 2ωosc ) t + θRF − 2θosc −
− βb3
2
where Pin is the CW light power into the DPMZM and  is the responsivity of the PD. The photocurrent at ωRF -2ωosc is amplified by the EA
and is split into two portions by the 3 dB power splitter. Half of this
microwave signal leaves the OEO loop while the other half is fed back
into the null-biased MZM. The microwave signal into the MZM can be
written as
√


βb2
2
GEA t f f 1 t f f 2 Pin J12 (βosc ) J1 (βRF ) cos
Ro
Vo (t ) = −
4
2
, (5)


βb2
· cos (ωRF − 2ωosc ) t + θRF − 2θosc −
− βb3
2
where GEA is the gain of the EA and Ro is the load resistance of the PD.
In order to obtain a stable oscillation, the OEO output signal needs
to be equal to Vosc (t). By equating (2) and (5), the OEO output signal
frequency is one-third the frequency of the input microwave signal. The
gain and the phase conditions for the OEO to generate a one-third microwave frequency can be obtained from (2) and (5), and are given by
√
Vosc = −



2
βb2
Ro,
GEA t f f 1 t f f 2 Pin J12 (βosc )J1 (βRF ) cos
4
2

θRF − 3θosc −

2

βb2
ωRF
− βb3 +
τ = 2kπ ,
2
3

(6)
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input microwave signal phase noise of −92.7 dBc/Hz at a 10 kHz frequency offset. This matches well with the theoretical value of 9.5 dB calculated by 20log10 (M) where M is the multiplication factor. Figure 5(b)
shows the phase noise and the power of the frequency divider output signal for the input microwave signal at different frequencies. It can be seen
that the phase noise and the power of the frequency divider output signal
is around −102 dBc/Hz and around 19.5 dBm, respectively. Figure 5(b)
also shows the output microwave signal has less than 0.5 dB phase noise
variation and around 1 dB power variation when a microwave signal with
a frequency between 17.4 and 19.2 GHz into the frequency divider.

Fig. 3 Optical spectrum at the input (red dashed line) and output (blue solid
line) of the OEO loop when an 18 GHz microwave signal is applied to the
frequency divider

Fig. 4 Electrical spectrums at the output of the frequency divider for (a) an
18 GHz microwave signal and (b) different frequency microwave signals into
the frequency divider

Conclusion: A photonic-assisted microwave frequency divider to perform one-third frequency division has been presented. The key contribution of the proposed approach is the use of a DPMZM, through tuning
the bias voltage of the main MZM in the DPMZM, the phase condition
required for one-third frequency division was achieved. This eliminates
the use of either an EPS, which has a limited bandwidth and a limited
phase shift range and resolution, or an OVDL, which has a slow phase
tuning speed. The proposed frequency divider was analysed theoretically
and demonstrated experimentally. The results showed that one-third frequency division over a frequency range from 17.4 to 19.2 GHz with an
ultra-high harmonic suppression of over 71.5 dB was achieved.
Funding information: This work was supported in part by Guangdong Province Key Field R&D Program Project under Grant
2020B0101110002, in part by the National Natural Science Foundation of China under Grant 61860206002 and Grant 61771221, and
in part by the National Key R&D Program of China under Grant
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Data availability statement: The data that support the findings of this
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© 2022 The Authors. Electronics Letters published by John Wiley &
Sons Ltd on behalf of The Institution of Engineering and Technology.

Fig. 5 (a) Phase noise spectrum of the input 18 GHz microwave signal
(blue dashed line) and the frequency divided 6 GHz signal (red solid line).
(b) Phase noise at a 10 kHz frequency offset and frequency divided signal
power for different input microwave signal frequencies

ensure the power of the coherent dual-wavelength optical signal is
around −20 dBm. Hence, the proposed one-third frequency divider has
a wide input power dynamic range. Figure 4(a) shows the frequency divider output electrical spectrum. It can be seen that the frequency divider
output only contains the one-third frequency component at 6 GHz. Figure 4(b) shows the output electrical spectrum of the frequency divider
for different input microwave signal frequencies of 17.4 GHz, 18 GHz,
18.6 GHz and 19.2 GHz. Note that only the DPMZM bias voltage Vb3
is adjusted as the input microwave signal frequency changed to obtain
the one-third frequency component. The gain of EDFA2 remains unchanged. The frequency divider operating frequency range is limited by
the bandwidth of the EBPF used in the experiment. A very high harmonic suppression ratio of over 71.5 dB can be seen in Figure 4(b). This
is 50.2 dB and 35.4 dB higher than those reported in [4] and [6], respectively. Figure 4 shows that the system noise floor is around −55 dBm,
which is measured using an ESA resolution bandwidth of 100 kHz and
attenuation setting of 40 dB. The noise floor is generated by all noise
components present in the system, which include the laser relative intensity noise (RIN), the signal spontaneous beat noise, the shot noise
and the thermal noise.
The phase noise of the generated frequency-divided microwave signal is investigated. This is done by measuring the single-sideband phase
noise using the ESA when an 18 GHz microwave signal is applied to
the frequency divider. The phase noise spectrums of the input and output signals are shown in Figure 5(a). As can be seen, the phase noise of
the one-third frequency divided microwave signal is −101.8 dBc/Hz at a
10 kHz frequency offset. This is a 9.1 dB improvement compared to the
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