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Photonic-Assisted Regenerative Microwave
Frequency Divider With a Tunable Division Factor

Shaochen Duan *?, Baohang Mo, Xudong Wang
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Abstract—A photonic-assisted microwave frequency divider that
is able to perform frequency division with a tunable division factor
is presented. It is realized based on the regenerative approach in
which frequency mixing and filtering operations are implemented
using a dual-parallel Mach-Zehnder modulator (DPMZM) and an
optical filter in an optoelectronic oscillator loop. The frequency di-
vision factor can be tuned by controlling the optical filter passband,
the round-trip gain, and the time delay of the optoelectronic oscil-
lator loop. The proposed approach is analyzed theoretically and
verified experimentally. The phase conditions to achieve frequency
division for a given division factor are analyzed. Experimental
results demonstrate, for the first time, a photonic-assisted regenera-
tive microwave frequency divider with a tunable frequency division
factor of 2 to 6. One key application of a microwave frequency
divider is to improve the phase noise performance of a microwave
signal. In our experiment, the phase noise is reduced by 16.2 dB
when a microwave signal is frequency divided by 6 times.

Index Terms—Dual parallel Mach-Zehnder modulator,
frequency division, microwave photonics, optical signal processing,
optoelectronic oscillator.

1. INTRODUCTION

REQUENCY divider is a device that generates an output
F signal that is a subharmonic of the input signal. It is a
fundamental building block in phase-locked loops, frequency
synthesizers, serializers and deserializers, which are widely used
for applications such as radar, communications and metrology
[1]-[3]. Frequency dividers can also be used to improve the
phase noise performance of a microwave or millimeter wave
signal through frequency division.
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Traditional electronic frequency dividers are categorized by
digital dividers and analog dividers. Digital frequency dividers
are implemented using basic logic gates and flip-flops. To per-
form frequency division of a microwave signal, it is desired that
the level of harmonics is low. A solution to have a low level of
harmonics is to use analog frequency dividers. Analog frequency
dividers are in general classified into two categories: injection
locked and regenerative frequency dividers. An injection-locked
frequency divider employs an oscillator whose center frequency
is locked to a harmonic of the injected input signal. It can
operate at a high frequency, up to tens of GHz. However, the
bandwidth is very limited due to the resonance nature of the
oscillator, making the divider operate at a fixed frequency or a
tunable frequency with very small tunable range. A regenerative
frequency divider is formed by a mixer and a low-pass filter in
a feedback loop. Unlike an injection-locked frequency divider,
a regenerative frequency divider does not support free-run, and
an injected signal is needed to produce an output [4], [5]. It
has a wide frequency tunable range, which is only limited by
the system bandwidth. In addition to a wide frequency tunable
range, it is also important for a frequency divider to have the
ability to realize tunable frequency division factor without the
need to modify the system configuration.

Recently, microwave frequency dividers implemented based
on photonics techniques have been widely investigated thanks
to the advantages such as wide bandwidth, immunity to elec-
tromagnetic interference, and integrability offered by photonics
[6], [7]. A number of photonic-assisted microwave frequency
dividers have been proposed. Many of them are realized using
pure photonics approach, which relies on the nonlinear dynam-
ics in a semiconductor device by injecting an optical signal
into a semiconductor laser [8]-[10] or a semiconductor optical
amplifier [11], [12]. The operating frequency of this type of
frequency dividers is determined by the 3-dB bandwidth of the
semiconductor devices, which is few tens of GHz. The frequency
tunable range of these frequency dividers is several hundred
MHz, which is quite limited. Recently, there are few reports
on injection-locked and regenerative frequency dividers based
on microwave photonics in which an optoelectronic oscillator
(OEO) is employed. While a photonic-assisted injection-locked
frequency divider with a tunable frequency division factor has
been demonstrated, it has a small tunable bandwidth [3]. A
photonic-assisted regenerative frequency divider has a wide
bandwidth but the frequency division factor is fixed at 1/2 or
2/3 [13], [14].
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Fig. 1. Structure of the proposed photonic-assisted 1/N microwave frequency
divider.

In this paper, we present a photonic-assisted regenerative mi-
crowave frequency divider that is capable to operate over a wide
frequency tunable range with a tunable frequency division factor.
It is realized based on an OEO loop incorporating a frequency
mixer implemented by a dual-parallel Mach-Zehnder modulator
(DPMZM), and an optical filter. The frequency division factor
can be tuned by controlling the optical filter passband, the round-
trip gain, and the time delay of the OEO loop. The conditions
required for the proposed structure to generate a microwave
signal with a frequency of 1/N times the input signal frequency
are analyzed. Experimental demonstration is then performed, in
which a tunable frequency division factor from 2 to 6 over a wide
frequency range from 18 to 26 GHz is demonstrated. The results
also demonstrate that the phase noise performance is improved
when the frequency division factor is increased showing an
excellent agreement between the experimental measurements
and the theoretical prediction. This confirms the concept of
divider-assisted low phase noise microwave signal generation,
a promising solution for an OEO to further improve its phase
noise performance.

II. ToPOLOGY AND OPERATION PRINCIPLE

The structure of the proposed photonic-assisted 1/N mi-
crowave frequency divider is depicted in Fig. 1. It is similar
to a conventional OEO [15]. The main difference is an optical
filter, instead of an electrical bandpass filter, is incorporated
into the loop. The frequency divider is operating based on the
regenerative approach in which the input signal is mixed with
the feedback signal via a DPMZM and a photodetector, and
the unwanted optical frequency components are filtered out by
an optical filter. The signal at the output of the photodetector
that contains the 1/N frequency component is amplified and
fed back to the DPMZM. In order to obtain an output signal
with a frequency of 1/N times the input signal frequency, two
conditions need to be satisfied, which are 1) the loop gain of
the 1/N frequency component should be unity and 2) the total
phase shift for the 1/N frequency component in one round trip is
an integer multiple of 27 [1]. The loop gain and the phase shift
can be controlled via adjusting the optical amplifier gain and the
variable optical delay line (VODL) time delay. The key novelty
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of the proposed structure is that a tunable optical filter is used
to select N number of sidebands at the output of the DPMZM to
be detected by the photodetector such that an output signal with
a frequency of 1/N times the input microwave signal frequency
is generated.

With reference to Fig. 1, a continuous wave (CW) light
from a laser source is modulated by a microwave signal at
the DPMZM. The DPMZM consists of a main MZM and two
sub-MZMs (MZM, and MZM3p) incorporated in each arm of
the main MZM. MZM, is driven by an input microwave signal
with an angular frequency wgry. The input of MZMp has N-1
frequency components with angular frequencies of (N-m)wgrp/N
where N is the factor of frequency division and m is an integer
from 1 to N-1. As an example, in the case of a divide-by-3
frequency divider, there are two frequency components with
angular frequencies of wry/3 and 2wrpr/3 applied to MZMg.
These frequency components are originated from the noise in
the system, which includes the laser RIN noise, the shot noise,
the photodetector and electrical amplifier thermal noise, and the
signal spontaneous beat noise. The generation of the wgrp/3
and 2wgrp/3 frequency components from the broadband noise
in the OEO loop is enabled by the phase condition which is
achieved by controlling the OEO loop length. The details will
be analyzed in Section III. The amplitudes of these frequency
components increase as they circulate in the OEO loop when
the gain condition is also satisfied. Both MZM and MZMgp
are biased at the null point to maximize the amplitudes of the
output first order sideband. The main MZM can be biased at
any point with no effect on the frequency divider performance.
For simplicity, the main MZM is biased at the quadrature point,
so that the three DPMZM bias points are the same as those for
realizing single sideband with suppressed carrier modulation
[16]. This enables the use of a standard commercial DPMZM
bias controller to stabilize the bias points. The signal at the output
of the DPMZM, which consists of sidebands at w. £ wrr/N,
very We £ (N—1D)wrw/N and w. + wrp, and a residual carrier
at w,, is amplified by an optical amplifier and then sent to an
optical filter. The passband of the optical filter is designed to
filter out the upper sidebands and the residual carrier. The lower
sidebands at w¢.-wRpE/N, ..., We-(N-1)wrp/N and w.-wrpr are
allowed to pass through the optical filter and then experience
a time delay via a VODL. The beating at the photodetector
will generate microwave frequency components at wrg/N, ...,
(N-1)wrp/N. These frequency components are amplified by an
electrical amplifier before feeding back into MZMg through a
power splitter. The signal at the output of the power splitter
contains a frequency component with an angular frequency of
1/N times the input microwave signal angular frequency.

The key advantages of implementing the proposed photonic-
assisted microwave frequency divider are the wide tunable
bandwidth and tunable frequency division factor. For example,
an MZM with a 3-dB bandwidth of more than 100 GHz has
been reported [17]. The bandwidth of the proposed microwave
frequency divider is limited by the bandwidths of the electrical
amplifier and the power splitter connected after the photode-
tector. The electrical amplifier and power splitter should have a
bandwidth to cover a frequency range from frp/Nto (N—1)frr/N
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in order to realize 1/N frequency division for an input microwave
signal with a frequency of frr. Electrical amplifiers and power
splitters with bandwidths more than 60 GHz are commercially
available. Hence, the photonic-assisted 1/N frequency divider
can be designed to have an upper operating frequency of 72 GHz
for realizing 1/2 to 1/6 frequency division. The lower operating
frequency for realizing all 1/2 to 1/6 frequency division is around
20 GHz. This is limited by the edge steepness of the magnitude
response of the optical filter to ensure that the optical carrier
is largely suppressed. The large tunable bandwidth from 20
to 72 GHz and tunable frequency division factor from 2 to
6 cannot be achieved by purely electronic frequency dividers.
The photonic-assisted microwave frequency divider also has
the potential to be integrated with significantly reduced size
and power consumption. These advantageous features make
photonic-assisted microwave frequency dividers an attractive
candidate for applications where large bandwidth and tunable
division factor are required.

II. ANALYSIS
The electric field of the CW light from the laser source into
the DPMZM shown in Fig. 1 is given by

E () = Epelet (1)

where Ej, is the amplitude of the electric field into the DPMZM
and w, is the CW light angular frequency. The voltage of the
microwave signal into the frequency divider is Vypsin(wrp?
+ ¢rr) where Vry, wrr and ¢ry are the amplitude, angular
frequency, and phase of the input microwave signal, respectively.
Hence, the electric field at the output of MZM 4 is given by

1 _
Evzma(t) = T\/iEmejw“t (1 —7)Jo (BrF)
_ (]_ + 'Y) Jl (BRF) e*j(WRFt+¢RF)

+(1+79)J1 (Brr) ej(WRFt+¢RF)] )
where J,, (x) is the Bessel function of mth order of the first kind,
Orr = ©VrE/Vr, Vi is the switching voltage of the sub-MZMs
and vy is a scaling factor between zero and one determined by
the MZM extinction ratio [18]. This shows that at the output of
MZM ,, two sidebands are generated with a residual carrier, as
shown in Fig. 2(a). In the case where the frequency divider is
designed to realize 1/3 frequency division, as was discussed in
Section I, the signal into MZMp has two frequency components
at angular frequencies of wrr/3 and 2wrr/3. The voltage of the
signal into MZMp of the 1/3 frequency divider is V;sin(wrpt/3
+ ¢1) + VosinQRwrrt/3 + ¢2) where Vi, Vo, ¢1 and ¢o are
the amplitude and phase terms of the frequency components at
wrr/3 and 2wrr/3, respectively. Hence the electric field at the
output of MZMp is given by

Eyzup (t) = 27\1/§Em6jw“t (1 =7)Jo (B1) Jo (B2)

— (L4 9) J1 (B1) Jo (By) e 9 (FEEt+01)
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Fig. 2. Optical spectrum at the output of (a) MZM 4, (b) MZMp and (c) the
optical filter. The frequencies of the spectral components in the optical spectrums
are relative to the optical carrier frequency f.. The red dashed line in (c) is the
optical filter magnitude response.
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where 81 = nV1/V, and 55 = wVo/V:. Eq. (3) shows that at the
output of MZMg, two pairs of sidebands are generated with a
residual carrier, as shown in Fig. 2(b). Since the main MZM is
biased at the quadrature point, the electric field at the output of
the DPMZM can be written as

t iz
LL [Brzna (t) + Buzus () €3] @)

Eppymzm (t) = 9

where t¢ is the DPMZM insertion loss. The passband of the
optical filter is designed to pass the three lower sidebands while
suppressing the three upper sidebands and the residual carrier.
Hence the optical filter output electric field into the photodetec-
tor can be written as

1+ y
( 4V) ViV GoaEime !

NI (Brr)e CEREEORE) Ly (81)Jg(By)ed (THE014E)

E, (t) -

+Jo (B1) J1 (B2) 6j(i?f£_¢2+%>} ©)
where Goa is the optical amplifier gain. Therefore, the signal at
the output of the optical filter has three sidebands at w.-wrw/3,
we-2wrrp/3 and we-wrE, as shown in Fig. 2(c). By beating the
two sidebands with frequencies at w.-wrp/3 and w.-2wrr/3
at the photodetector, a photocurrent at an angular frequency of
wrr/3 is generated, which is given by

(147)?

Loprssn = thfGOAPm%Jl (B1) Jo (B2)

X Jo (B1) 1 (B2) - cos (55 =91+ 62) (©)
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where R is the photodetector responsivity. By beating the side-
bands at w.-2wrr/3 and w.-wrr at the photodetector, a pho-
tocurrent at wr /3 is generated, which is given by

(1+9)°
Lypp/32 = thfGOAPmRh (Brr) Jo (B1) J1 (B2)
- COS (w%—&-d)mr—@-i-g) N

The phase conditions require that the 1/3 frequency compo-
nent in one round trip should be in phase with the original 1/3
frequency component, i.e.,

¢2—¢51+ T—¢1+2m7r ®)

brF — ¢2+§ + TT =¢1+2m'm ©)
where 7 is the round trip time delay, and m and m' are two
integers. If the above phase conditions are satisfied, then the
amplitude of the microwave signal at wrp/3 into MZMgp can be
written as

1+~
:,JRF/g (8\/5) tffGOApznm\/ GAmpR Jl BQ)

[J1(B1) Jo (B2) Jo (Br) + J1 (Brr) Jo (B1)] (10)

where G anmp, is the gain of the electrical amplifier and R, is the
photodetector load resistance. This shows that the amplitude of
the signal at wrr/3 into MZMg can be controlled by the optical
amplifier gain Goa. Thus, the gain condition can be satisfied by
adjusting the optical amplifier gain Goa.

A photocurrent at 2wrp/3 is also generated at the output of
the photodetector due to the beating between the two sidebands
at w.-wrp/3 and w.-wrp. It can be obtained from (5) and is
given by

(1+)?
Loyppsz = 3 trrGoaPinRJy (Brr) J1 (B1) Jo (B2)
2
-cos( w3RF+¢RF—¢1+72r) (11)

The amplitude of the microwave signal at 2wgy/3 into MZMgp
is given by

1+
Sonp/3 = ( 8\;) trrGoaPin R/ GampRoJ1 (BrF)

J1(B1) Jo (B2)

Note from (10) that, even without the input microwave signal
at wgr, a signal at wry/3 can be generated at the frequency
divider output due to the beating between the w.-wrr/3 and w,.-
2wrr/3 sidebands at the photodetector. However, from (12), the
signal at 2wgrp/3 and hence the sideband at w.-2wr /3, cannot
be generated when the input microwave signal at wrF is absent.
This is the reason why the input signal at wgrp is necessary for
the proposed photonic-assisted frequency divider to generate a
divide-by-N output signal. The total phase shift of the signal at
2wrr/3 in one round trip needs to be an integer multiple of 27,

12)
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ie.,

T  2WRF
¢RF—¢1+2+ 3

in order for the signal amplitude to build up as the number of
circulations increases, so that a divide-by-3 frequency compo-
nent can be obtained at the frequency divider output. Note that
m” in (13) is an integer. Combining the phase conditions in (8),
(9) and (13), we obtain the following conditions

T— ¢y =2m"1 (13)

ORrRF — 301 + g =2m"'m

OJRF —om"'x
3

where m'"" and m"” are integers. The above analysis also applies
to frequency division of 1/4, 1/5, ..., and 1/N. It reveals that
the 1/N frequency component at the output of a 1/N frequency
divider is formed by the sum of N-1 beating terms and the
phase conditions required for realizing 1/N frequency division
are given by

(14)

15)

"

orr = Né1 + 5 = 2m'"m (16)
wj\*]F = 2m"'n (17)

Eq. (16) shows the relationship between the phase ¢rp of the
microwave signal into MZMy and the phase ¢; of the 1/N
frequency component into MZMg. Note that the 1/N frequency
component is originated from the noise in the system and the
noise has a random phase. Therefore, the 1/N frequency com-
ponent always has a phase that satisfies the phase condition
given in (16). Eq. (17) is important as it indicates that, for a
given input frequency and a given factor of frequency division,
the round-trip time 7 needs to be controlled for the proposed
structure to generate an output signal with a frequency of 1/N
times the input microwave signal frequency.

According to the above analysis, three system parameters
need to be controlled in order for the 1/N frequency divider
to switch from one frequency division factor to another. The
three system parameters are the optical amplifier gain Goa, the
VODL time delay 7, and the optical filter passband frequency.
The values of these parameters can be controlled via a computer
to enable 1/N frequency division to be obtained for a different
input frequency. The phase noise at the output of the proposed
1/N frequency divider is given by

10log1g [Sg,0ut (f)] = 10logq [Saﬁ,RFin (f)/NZ]
+ 10logy [Sp,0r0 (f)]

where Sy rrin(f)and Sy opo(f) are the phase noise of the
input microwave signal and that of the OEO loop, respectively.
The phase noise of the OEO loop is the sum of the phase noise
generated by the components in the OEO loop divided by the
square of the frequency division factor [19]. If Sy opo(f) <<
Sy, rrin(f), which is usually true since an OEO loop can be
designed to have an ultra-low phase noise, the phase noise of
the frequency divided signal will be determined uniquely by the
phase noise of the input microwave signal, which is equal to the
phase noise of the input microwave signal minus 20log;oN (dB).

(18)
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Fig. 3. Experimental setup of the proposed photonic-assisted microwave
frequency divider.

IV. EXPERIMENTAL RESULTS

An experiment is performed based on the setup shown in
Fig. 3 to verify the operation of the photonic-assisted microwave
frequency divider. A CW light from a laser source (IDPhotonics
CoBriteDX ) operating at 1550.1 nm and 15.5 dBm is launched
into a DPMZM (EOSpace 1Q-0D6V-35) through a polarization
controller (PC). One of the sub-MZMs (MZM,) inside the
DPMZM is driven by a microwave signal from a microwave
signal generator. The microwave signal frequency is 20 GHz
and its power is 15 dBm. 1% of the DPMZM output optical
power is coupled out to a bias controller (PlugTech MBC-1Q-01)
to stabilize the DPMZM bias points at the null (MZM, ), null
(MZMp) and quadrature (main MZM) points. An erbium-doped
fiber amplifier (EDFA) (Max-ray Photonics EDFA-BA-20-B) is
used to control the output optical signal power to ensure that the
gain condition can be satisfied. This is followed by an optical
filter (Alnair Labs BVF-300CL), which has a sharp edge roll-off
of 1500 dB/nm and a continuously tunable center frequency
and bandwidth. A VODL (General Photonics MDL-002) is
used to control the OEO loop time delay to ensure the phase
condition given in (17) can be satisfied for a different input signal
frequency and a different frequency division factor. This VODL
has a built-in DC motor to provide a fine delay resolution of 1 fs
over 0 to 560 ps delay range. A 5% coupling ratio optical coupler
is connected to the optical filter output to couple a small amount
of the output optical signal out of the OEO loop for examining
the open and closed loop optical spectrums using an optical
spectrum analyzer (OSA). The output optical signal is detected
by a 50-GHz bandwidth photodetector (U2t XPDV2120RA).
The electrical signal at the output of the photodetector is ampli-
fied by two wideband electrical amplifiers, which have a gain
of 21 dB (Centellax OA4SMMS) and 26 dB (SHF 806E). A
DC block is connected after the electrical amplifiers to prevent
a DC component generated by the photodetector into MZMgp
which may alter the bias point. The amplified electrical signal
is split into two via a 1-40 GHz bandwidth power splitter. One
of the outputs is fed back to MZMp inside the DPMZM and the
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Fig. 4. (a) Normalized optical filter magnitude response for realizing 1/2
(green), 1/3 (blue), 1/4 (light blue), 1/5 (pink) and 1/6 (brown) frequency divi-
sion. Normalized open loop (black line) and closed loop (red line) output optical
spectrums together with the corresponding optical filter magnitude response
(dotted line) for (b) 1/2, (c) 1/3, (d) 1/4, (e) 1/5 and (f) 1/6 frequency division.
The arrows in (b)-(f) indicate the optical carrier.

other is sent to an electrical spectrum analyzer (ESA) (Keysight
N9020B) with the setting of 100 kHz resolution bandwidth and
10 kHz video bandwidth. The length of the OEO loop is around
36 m. This is very short compared to the loop length of the
conventional OEO reported in [15], which has a long loop length
of 1 km. Itis known that a longer loop length will enable an OEO
to have a higher Q factor, making the phase noise smaller [15].

The passband of the optical filter is adjusted to let N number
of sidebands at the optical frequencies between f.-20/N GHz
and f-20 GHz to pass through the optical filter for realizing 1/N
frequency division. Fig. 4(a) shows the magnitude responses of
the optical filter required for the frequency divider to generate
a 1/2 to 1/6 frequency components. It can be seen from Fig. 4,
as the frequency division factor increases, the left edge of the
magnitude response of the optical filter moves further to the left
while the right edge remains the same. This allows the sideband
at f.-20/N GHz to pass through the optical filter. Fig. 4(b)-(f)
shows the optical spectrums measured at the output of the optical
coupler. As can be seen, when the OEO loop is open, there is
only one sideband at the frequency of 20 GHz away from the
optical carrier. This sideband comes from MZM  driven by the
input 20 GHz signal. The optical carrier is around 40 dB below
the sideband at f.-20 GHz. When the OEO loop is closed and
after properly adjusting the EDFA gain and the VODL time
delay to satisfy the phase condition given in (17), sidebands
at frequencies of —20/N GHz to —20(N-1)/N GHz away from
the optical carrier are generated. By beating these sidebands
with the sideband at f.-20 GHz at the photodetector, an output
signal with frequency components at 20/N GHz to 20(N-1)/N
GHz are generated. Fig. 5 shows the input 20 GHz microwave
signal spectrum and the photonic-assisted microwave frequency
divider output spectrums for different frequency division fac-
tors from 2 to 6. Note that the phase condition for realizing

Authorized licensed use limited to: Jianping Yao. Downloaded on December 16,2021 at 02:04:46 UTC from IEEE Xplore. Restrictions apply.



5514

1 1
_ _
£ 0 (@1 g0 (b)
-10 4 -10
82 5 20
o o
B Bt
2 50, 2 50
£ 50 £ 50
270 270
-8 80

o

1=
o

=

35 7 9 1113151719 21 23 25 35 7 9 1113151719 21 23 25
Frequency (GHz) Frequency (GHz)
8 B
_
=10 ORI (d)
M -10 m -10
= -20) 5 -20)
0 =3
et -
0O 50 g-so
4 2
=3 !
O3S T 9 3151719212325 0 3 5 7 9 11131517 19 21 23 25
Frequency (GHz) Frequency (GHz)
8 8
218 © 2 ®
m -10 m -10
< 20 5 20
v.ig =30
Bt —
2 50, 8 _‘5‘8
Z 60 Z 50
S 70 O 70
80 A 50
NS T o357 9202325 3 5 7 9 111315171921 23 25
Frequency (GHz) Frequency (GHz)

Fig.5. (a)Electrical spectrum of the microwave signal into MZM 4 . Photonic-
assisted microwave frequency divider output electrical spectrums for realizing
(b) 1/2, (c) 1/3, (d) 1/4, (e) 1/5 and (f) 1/6 frequency division.

2 2
~1 ~ 10
£ (@ 18 o b
g3 2 "
3 30
T -4 T -40
+ &
& & 70
o5 19975 20 20005 2005 Yos o975 10 10025  10.05
Frequency (GHz) Frequency (GHz)
2
~ 10 ~1
£ 0 © | & (d)
@ -10 M-l
= =
5 -40) 5 4
z £
& 70, &
BT 6682 6667 6002 6717 o5 4975 5 5025 5.05
Frequency (GHz) Frequency (GHz)
i i
—~ —~
£ 0 €
24 N X
730 3
D -40 5
% -50 g -5
-60) 6
& 70 A7
553975 4 1005 405 3085 3308 33353358 3483
Frequency (GHz) Frequency (GHz)
Fig. 6. (a) Electrical spectrum of the microwave signal into MZM 5 measured

in a 100 MHz span around the signal frequency. Photonic-assisted microwave
frequency divider output electrical spectrums for realizing (b) 1/2, (c) 1/3, (d)
1/4, (e) 1/5 and (f) 1/6 frequency division measured in a 100 MHz span around
the 1/N signal frequency.

1/6 frequency division also satisfies the 1/2 and 1/3 frequency
division phase condition requirement. Compared to 1/2 and 1/3
frequency division, a wider optical filter passband is needed
for 1/6 frequency division. When the optical filter passband is
wider enough to cover the sidebands at angular frequencies of
wrr/6 to wrr away from the optical carrier, all 1/2, 1/3 and
1/6 frequency components are generated. Fig. 5(f) shows that
the 1/6 frequency component has a higher amplitude because
it is formed by beating more sidebands at the photodetector,
compared to the 1/2 and 1/3 frequency components. Fig. 6 shows
the detailed section of the spectrum within 100 MHz span around
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the input microwave signal frequency at 20 GHz and around the
output signal frequency at 20/N GHz. It can be seen clearly
from Fig. 6 that the output signal contains a 1/N frequency
component at exactly 20/N GHz, and the signal-to-spur ratio
for all frequency division factors from 2 to 6 are larger than
50 dB.

Theoretically, a frequency division factor of larger than 6
can be obtained by increasing the optical filter passband width.
However, as the frequency division factor increases, the number
of sidebands increases. The optical amplifier inside the OEO
loop needs to have a gain spectrum to simultaneously amplify
all the sidebands so that their amplitudes can be built up as
they circulate in the OEO loop. Furthermore, the edges of the
optical filter magnitude response need to be sharp enough to
ensure the optical carrier and the unwanted sidebands are largely
suppressed.

It is found that there is no output signal presence at the
frequency divider output when the input 20 GHz microwave
signal is removed from the system, which demonstrates that
the frequency divider is operating based on the regenerative
approach. Note that Fig. 5 shows the output of the frequency
divider has frequency components at and above the input signal
frequency of 20 GHz. They are 20-30 dB below the 1/N fre-
quency component and are the harmonics and third-order inter-
modulation distortion components generated by the nonlinearity
of the two electrical amplifiers used in the system. It is found
from the experiment that, taking the signal from the output of
the first electrical amplifier as the frequency divider output, the
amplitudes of the output frequency components at and above
the input signal frequency will be more than 50 dB lower than
that of the 1/N frequency component. Another solution to reduce
those unwanted frequency components is to use linear electrical
amplifiers with less nonlinearity.

The stability of the frequency divider is also evaluated, which
is done by measuring the power of the generated 1/N frequency
component over 10 minutes. The power fluctuations during the
measurement period are less than 0.3 dB, which indicates that
the frequency divider has good stability. In order to verify the
phase condition given in (17), we observe the generated 1/3
frequency component using the ESA while tuning the time delay
generated by the miniature motorized VODL. It is found that
the 1/3 frequency component is generated for every 150 ps time
delay introduced by the VODL. This agrees with the equation,
given by

N
TvOoDL2 —TVODL1 = fi
R

19)
where Tvopr1 and Tvopre are two different time delays in-
troduced by the VODL in the OEO loop to satisfy the phase
condition given by (17) in obtaining 1/N frequency division.
The phase noise performance of the divide-by-N output sig-
nal generated by the photonic-assisted microwave frequency
divider is also evaluated, which is done by measuring the single-
sideband phase noise using the ESA. Fig. 7 shows the phase noise
spectrums of the 20/N GHz frequency divided signals and the
input 20 GHz microwave signal. As can be seen, the phase noise
of the input 20 GHz microwave signal is —90.53 dBc/Hz at a
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Fig. 8. Photonic-assisted microwave frequency divider output electrical spec-
trums for (a) 1/3 and (b) 1/4 frequency division, and a different input microwave
signal frequency.

10-kHz frequency offset, while the phase noise of the 20/N GHz
frequency divided signals are —96.29 dBc/Hz, —99.91 dBc/Hz,
—102.67 dBc/Hz, —104.19 dBc/Hz and —106.73 dBc/Hz for
the frequency division factors of 2, 3, 4, 5 and 6, respectively.
This shows a 5.8 dB, 9.4 dB, 12.1 dB, 13.7 dB, and 16.2 dB
improvement in the phase noise performance when increasing
the frequency division factor from 2 to 6, respectively. This again
agrees with the theoretical prediction of phase noise reduction
given by 20log;o(N) where N is the frequency division factor.
This demonstrates the concept of phase noise reduction by
frequency division.

The frequency tuning of the proposed photonic-assisted mi-
crowave frequency divider is also studied. To do so, we tune
the frequency of the input microwave signal from 18 to 26 GHz
with a step of 2 GHz. Fig. 8 shows the electrical spectrums of
the generated frequency divided microwave signals. Note that
during the tuning, the VODL and the optical filter are tuned
to satisfy the phase conditions required for the realization of
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1/3 and 1/4 frequency division. As can be seen less than 2 dB
and 1.5 dB variations in amplitude of the generated 1/3 and 1/4
frequency components are resulted when the input microwave
signal frequency is tuned from 18 to 26 GHz. The unwanted
frequency components can be suppressed by using a low pass
filter connected at the output of the frequency divider.

V. CONCLUSION

A photonic-assisted microwave frequency divider has been
presented and its operation has been evaluated. The key con-
tribution of this work is a frequency divider that is capable
of tuning the frequency division factor and can operate at a
wide frequency tunable range. The proposed frequency divider
was studied theoretically and evaluated experimentally. The
experimental results showed that the proposed photonic-assisted
regenerative microwave frequency divider was able to realize
frequency division with a tunable division factor from 2 to
6. The phase conditions obtained from the analysis were also
verified experimentally. The phase-noise performance improve-
ment when increasing the division factor was also verified by
the experiment. The results showed that when increasing the
frequency division factor from 2 to 6, a phase noise reduction
of 5.8 dB, 9.4 dB, 12.1 dB, 13.7 dB and, 16.2 dB was achieved.
Frequency tuning over a wide frequency range from 18 to 26
GHz was also demonstrated.
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