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Microwave Frequency Divider With Tunable
Division Factors Based on an
Optoelectronic Oscillator
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Abstract—A wideband microwave regenerative frequency
divider with tunable division factors is proposed and exper-
imentally demonstrated based on harmonic mixing in an
optoelectronic oscillator. In the optoelectronic oscillation cavity,
a phase modulator is cascaded with an optical filter to achieve
equivalent intensity modulation by preserving the single side-
band. Harmonic mixing procedure occurs between the +1%-order
sideband of the input signal and the higher-order sideband of
the oscillation signal within the following photodetector. When
the intermediate frequency generated by the harmonic mixing
procedure matches the oscillation frequency, and the loop phase
and gain conditions are satisfied, microwave regenerative fre-
quency division can be achieved. The frequency division factor is
determined by the order of the optical sideband of the oscillation
signal during the harmonic mixing and can be adjusted using a
two-tap microwave filter constructed with a phase shifter on each
arm. Experimental results show that a microwave regenerative
frequency divider with an operating frequency range of 22 to
30 GHz and division factors varying from 2 to 8 was successfully
realized.

Index Terms—Microwave photonics, optoelectronic oscillator,
regenerative frequency divider.

I. INTRODUCTION

ICROWAVE frequency divider plays an essential role

in numerous applications, especially in modern radars
[1], [2], wireless communication [3] and navigation systems
[4]. By generating a phase-coherent subharmonic of the input
signal, the frequency divider enables signal processing, phase
noise optimization, frequency synthesis, and synchronization.
Traditional electronic frequency dividers can be categorized
into two main types: digital frequency dividers and analog
frequency dividers. Digital frequency dividers offer flexible
division factors but are limited to relatively low operating fre-
quencies (several GHz). In contrast, analog frequency dividers
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can operate at significantly higher frequencies, but their divi-
sion factors are generally fixed.

Recently, photonics-assisted microwave frequency dividers
have attracted significant attention due to their notable benefits,
such as broad bandwidth [5], excellent tenability [6], [7],
and resistance to electromagnetic interference [8]. Most of
these dividers are realized either through all-optical cavities
or optoelectronic feedback systems. The frequency dividers
utilizing all-optical cavities are typically implemented based
on the nonlinear dynamical period-N state oscillation in an
optically injected semiconductor laser [9] or Fabry-Perot laser
[10]. Although a tunable division factor can be achieved using
this approach, the operating frequency is discontinuous and
limited by the modulation bandwidth of the lasers.

Frequency dividers that utilize optoelectronic feedback
systems are typically implemented using either an optical
phase-locked loop (OPLL) or an optoelectronic oscillator
(OEQ). For instance, in [11], a frequency divider is realized
by employing an optical phase-locked loop to lock an opti-
cal frequency comb to the signal being divided. While this
approach can achieve a very large frequency division factor
and low phase noise, the system becomes complex and costly
due to the cascading modulation and servo loop.

On the other hand, frequency dividers based on an OEO are
generally implemented using either the injection-locking tech-
nique or the regeneration technique. Although the frequency
dividers utilizing the injection-locking technique [12], [13]
can achieve a tunable division factor, the output frequency is
fixed and determined by the oscillating frequency of the free-
running OEO. Frequency dividers that employ the regeneration
technique operate by regenerating the signal from system noise
through an optoelectronic oscillation loop [14], [15], [16].
However, earlier designs [14], [15] were limited to achieving
only a single division factor. While one study [16] extended
the division factor to a range of 2 to 6, it required adjusting
the optical filter each time the division factor was changed to
maintain proper amplitude and phase matching in the OEO.

In this letter, we propose a wideband microwave regener-
ative frequency divider (RFD) with tunable division factors
based on harmonic mixing in an OEO. In the optical path of
the OEO, a phase modulator (PM) and an optical band-pass
filter (OBPF) are used in conjunction to achieve equivalent
intensity modulation. The nonlinear modulation in the PM
can generate high-order sidebands, allowing the RFD to attain
a large division factor. In the electrical path of the OEO, a
two-tap microwave filter with a phase shifter on each arm is
employed to adjust the loop delay and gain. This configuration
enables the precise achievement of the desired division factor
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Fig. 1. (a) Schematic diagram of the proposed RFD based on an OEO.
(b) Spectral diagram within the passband of the optical filter under the stable
operation of the RFD. (c¢) Simplified schematic of the RFD operation. DFB:
distributed feedback laser, PM: phase modulator, OBPF: optical band-pass
filter, EDFA: erbium-doped fiber amplifier, OSA: optical spectrum analyzer,
PD: photodetector, EA: electrical amplifier, PS: phase shifter, DC: directional
coupler, RF: radio frequency, PNA: phase noise analyzer.

through appropriate gain and phase matching. Furthermore, the
absence of a narrowband filter in the RFD facilitates a wide
operating frequency range. Experimental results show that an
RFD with an operating frequency range of 22 to 30 GHz and
division factors varying from 2 to 8 is successfully realized.

II. PRINCIPLE

The schematic diagram of the proposed RFD based on an
OEO is depicted in Fig. 1(a). A continuous wave (CW) light
emitted from a distributed feedback (DFB) laser is modulated
by a PM, filtered by an OBPF, amplified by an erbium-doped
fiber amplifier (EDFA), and then directed to a photodetector
(PD). The PD converts the optical signal into an electrical
signal, which is subsequently amplified and evenly distributed
to the phase-shifter branches of the two-tap microwave filter.
These signals are recombined via an electrical coupler and fed
back to the phase modulator together with the injected signal.
The two phase shifters are independently tunable, allowing for
precise adjustment of loop delay and gain. Fig. 1(b) and (c)
illustrate the spectral diagram within the passband of the
optical filter under the stable operation of the RFD and the
schematic of regenerative N-division based on a harmonic
mixing effect, respectively. As can be seen, the +1%-order
sideband of the injected signal and the positive higher-order
sidebands of the oscillating signal are all within the bandwidth
of the OBPF.

Assume that the CW light can be represented as Ey(f) =
Voexp(jwot). The injected signal and the oscillating signal
of the OEO are expressed as Ej, = Vijcos(wint + 6;,) and
Eosc = VoscCOS(wosct + Bosc), respectively. Here, Vi, Vin, Vose
denote the amplitudes, and wq, Wi, Wosc Tepresent the angular
frequencies. Therefore, the electric field of the optical signal
output from the PM can be expressed as

Epm(1) = Voexp [ jwot + jBin OS(Wint + 6in)

+ jBosc COS(Wose! + Bose) | (1)
where Bi, = nVin/Vy, and Bosc = mVoso/Vy are the modulation
index of the injected signal and oscillating signal, respectively.
Considering only the sidebands within the OBPF bandwidth
and ignoring the small intermodulation harmonics, the optical
signal output from the OBPF is given by

Eogpr(?)
= Jo(Bin) [JO(ﬂosc)EO exp(jwor)
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. T
+ Jl(ﬂosc)EO exp (](wO + wosc)t + J (z + eosc))

. . T
+ Jz(ﬂosc)EO exXp (](wO + Zwosc)t + J2 <E + 0050))
+.. ] + Jl (ﬂin)JO(Bosc)EO exp

. (T
X (J(wo + win)t + j (5 + ein)) (2)
After amplifying by an EDFA, the optical signal undergoes
photoelectric conversion in the PD. The photocurrent output
from the PD can be expressed as

ipp o RAZI(Bin)

X |:Z Ji(Bose Wi+ 1(Bosc) SIn (Wosc (f = T) + Bosc)
i=0
+Jl (,Bin)-]n(ﬂosc) sin

% (@n =gt =7 +6a—n (5 +6uc)) | ®

where R represents the responsivity of the PD, n denotes the
order of the sideband in the oscillating signal, and 7 represents
the time delay of the optical path. To achieve regenerative
frequency division and maximum feedback gain, the output
frequency components must have the same frequency and are
phase-aligned. Additionally, the phase matching condition for
feedback oscillation must be satisfied, thus

Wose = Win/N
Oosc = in/N + (4k -N+ I)H/ZN (4)
Wosc (T + h) = 2k — 7/2

where N = n+ 1 represents the division factor, k is an integer
corresponding to the order of the oscillation mode, and
denotes the total delay introduced by the electrical path. From
Eq. (4), we can observe that an additional phase shift of /2 is
introduced to the oscillation signal through phase modulation.
This additional phase shift enables different frequency division
states to correspond to distinct phase matching conditions,
particularly for even-order frequency divisions.

However, due to the non-flat frequency response of the OEO
system within its operating range, it is difficult to precisely
achieve different frequency division factors solely by adjusting
the loop delay. To address this issue, a two-tap microwave
filter is employed to precisely adjust the loop’s amplitude and
phase response, ensuring that different division factors align
with optimal amplitude and phase matching conditions.

Assume that the microwave signal input to the two-tap
microwave filter is E coswt, then the output microwave signal
is given by

Eqy(w, 1)
= E; [a(w) cos(wt + hjw) + b(w) cos(wt + hyw)] /2
= EyE(w) cos (wt + ¢(w)) /2 5)
where
E(w) = va*(w) + b2(w) + 2a(w)b(w) cos(hw — hiw)

$(w) = arctan ( a() sin(l ) + b(w) sin(w) )
- a(w) cos(hjw) + b(w) cos(hyw)

Here, a(w), b(w), h;, and h, represent the amplitude response
and delay response of the two arms, respectively. It can be
seen that the amplitude and phase response of the two-tap
microwave filter are related to both the oscillating frequency
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Fig. 2. (a) Magnitude response of the two-tap microwave filter in different
states. (b) Phase response of the two-tap microwave filter and one of its arms.

and the delay in the two arms. When the phase difference
between the upper and lower arms is kept constant, syn-
chronous adjustment of the phase shifters enables independent
tuning of the amplitude response. Conversely, varying the
relative phase between the two arms allows for independent
phase matching. Therefore, by adjusting the phase shifters, the
gain and phase matching conditions required for an arbitrary
division factor can be satisfied. Based on the theory of
regenerative frequency division [17], the locking range of the
RFD is given by

A"-)lock

FSR
= )

n 2
4 \/(ZO Ji(ﬁosc)JFH(ﬁosc)/-’l(ﬁin)-’n(ﬂosc)) - 1/2

where FSR is the mode spacing of the OEO. It can be observed
that the locking range increases positively with the injected
power.

III. EXPERIMENT RESULTS

An experiment is carried out following the configuration
depicted in Fig. 1(a). During the experiment, a CW light
centered at 1550.24 nm with a power of 18.9 dBm is produced
by a DFB laser. After passing through a PM (EOSPACE PM-
DV5-40-PFA-PFA-LV), a tunable OBPF (Yenista XTM50),
and an EDFA (Amonics AEDFA-PA-35-B-FA), the optical
signal is injected into a PD (GD45220R-ku-1). The output
electrical signal of the PD is amplified by an electric amplifier
(EAT1) with a gain of 20 dB and a bandwidth of 2-18 GHz,
and then directed into a two-tap microwave filter. Each arm
of the two-tap microwave filter incorporates a phase shifter
with a bandwidth of DC-18 GHz. After passing through the
microwave filter, the electrical signal is amplified by a second
electric amplifier (EA2) with a gain of 27 dB and a bandwidth
of 1-20 GHz and then fed back into the PM along with the
injected signal output from an RF source (Agilent E§257D).

Prior to the experiment, the amplitude and phase response
of the two-tap microwave filter were measured by a vector
network analyzer (VNA, R&S ZNB40) as depicted in Fig. 2.
As can be seen, the amplitude and phase response could
be tuned by adjusting the phase shifters, corresponding to
the tunable capability of gain and phase shift in different
oscillation modes.

At the beginning of the experiment, the tunable OBPF was
adjusted to position the optical carrier on the slope of its
response, enabling the maximum operating bandwidth. The RF
source was set to an output power of 15 dBm and a frequency
of 22 GHz. By adjusting the phase shifters to set the OEO in
a divide-by-2 state, the measured optical and electrical spectra
of the OEO output are shown in Fig. 3. Fig. 3(a) illustrates
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Fig. 3. Optical spectra of the OEO output (a) prior to oscillation and (b) in
the divide-by-2 state. The electrical spectra of the 1/2 divided signal with a
span of (c) 26 GHz and (d) 10 MHz.
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Fig. 4. Optical spectra of the OEO output with different division factors.
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Fig. 5. (a) Electrical spectra of the OEO output with division factors ranging
from 3 to 8. (b) Phase noise of the injected signal and the divided signals
with division factors ranging from 2 to 8.

the magnitude response of the OBPF and the optical spectra
of the OEO prior to oscillation. In Fig. 3(b), when the OEO
is stably oscillating, a +1%-order sideband of the oscillating
signal appears between the optical carrier and the +1%-order
sideband of the injected signal. As shown in Fig. 3(c) and (d),
the signal-to-noise ratio (SNR) of the 1/2 divided signal is
approximately 57.5 dB at an RBW of 1 MHz. The RFD
demonstrates a free spectral range (FSR) of about 4.58 MHz,
with a side-mode suppression ratio exceeding 87.8 dB.

To demonstrate the tunability of the division factor, various
division states were achieved by adjusting the phase shifters.
Fig. 4 illustrates the optical spectra of the OEO output with
division factors ranging from 3 to 8, while the corresponding
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Fig. 6. (a) Locking range of the 1/2-divided signal with an injection power
of 20 dBm. (b) The variation of locking ranging with different injected power
in the divide-by-2 state.
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Fig. 7. (a) Electrical spectra of the OEO output and (b) phase noise of divided
signals with division factors ranging from 2 to 8 under 30-GHz RF injection.

electrical spectra are presented in Fig. 5(a). It can be observed
that the OEO generates multiple harmonics, which facilitate
positive feedback through mixing with the injected signal.
During practical implementation, suitable low-pass or band-
pass filtering can be employed to effectively suppress the
harmonic components.

To evaluate the phase noise performance of the divided
signals, their phase noise was measured and compared with
that of the injected signal, as shown in Fig. 5(b). For division
factors ranging from 2 to 8, the phase noise of the divided
signals improved sequentially by 5.6 dB, 7.5 dB, 11.0 dB,
12.5 dB, 13.8 dB, 15.1 dB, and 16.0 dB, respectively. Accord-
ing to the phase noise formula for regenerative frequency
division, Sgy(f) = Sin(f)/N?, the experimental results align
well with the theoretical values. Moreover, the phase noise
curves show a significant spurious component around 4-kHz
frequency offset, which is caused by imperfections in the
second electric amplifier.

To investigate the stability of the RFD, the locking band-
width of the OEO in the divide-by-2 state was measured
with an injection power of 20 dBm, as shown in Fig. 6(a).
The results indicate that the locking bandwidth of the 1/2
divided signal is approximately 720 kHz, which corresponds
to a locking range of 31.44% for the injected signal. Fig. 6(b)
illustrates the relationship between the locking range and the
injection power. It can be observed that the locking range
increases proportionally with the injection power.

To verify the operating bandwidth of the RFD, the frequency
of the injected signal was set to 30 GHz. By adjusting the
phase shifters, divided signals with division factors ranging
from 2 to 8 were also successfully obtained. The correspond-
ing electrical spectra of the OEO output and phase noise of
divided signals are shown in Fig. 7. These results confirm
that the RFD can effectively operate across a bandwidth of
22-30 GHz. In fact, depending on the device parameters, the

Authorized licensed use limited to: NANJING UNIVERSITY OF AERONAUTICS AND ASTRONAUTICS

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 37, NO. 19, 1 OCTOBER 2025

system’s operating bandwidth can theoretically range from
18 to 36 GHz.

IV. CONCLUSION

In conclusion, we propose and experimentally demonstrate
a wideband RFD with tunable division factors based on
harmonic mixing in an OEO. Two innovative key measures
are adopted to enhance the system performance: one is the
use of a PM combined with an OBPF to replace traditional
intensity modulation, enabling higher-order nonlinear mixing
effects and achieving a large division factor; the other is the
use of a two-tap microwave filter to achieve precise tuning of
the division factor. The experiment successfully demonstrates
an RFD with tunable division factors ranging from 2 to 8
and an operating bandwidth of 22-30 GHz. The phase noise
of the divided signals aligns well with the theoretical values.
Furthermore, the RFD has a wide locking range, indicating its
high stability.
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