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A novel X-band high speed frequency sweep signal generator based on a tunable optoelectronic oscillator
(OEO) incorporating a frequency-swept laser is presented and the theoretical fundamentals of the design
are explained. A prototype of the generator with tuning range from 8.8552 GHz to 10.3992 GHz and
a fine step about 8 MHz is achieved. The generated radiofrequency signal with a single sideband (SSB)
phase noise lower than -100 dBc/Hz@10KHz is experimentally demonstrated within the whole tunable
range, without any narrow RF band-pass filters in the loop. And the tuning speed of the frequency sweep
signal generator can reach to over 1 GHz/s benefiting from applying a novel dispersion compensation
modular instead of several tens of kilometers of optical fiber delay line in the system.
Keywords : Frequency sweep, Optoelectronic oscillator, Dispersion compensation modular
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I. INTRODUCTION
With the development of electronic science and technology,
frequency sweep measurement technology is increasingly
valued, especially the X-band linear swept source in the
test of radio communications, radio and television, radar
navigation [1, 2], satellite ground stations, etc. The traditional
frequency swept source is mainly based on digital frequency
synthesis technology [3, 4], however, the upper limit of
output frequency, 5-6 GHz in [5-7], cannot be too high
and the frequency sweep range is limited.
Recently, an optoelectronic oscillator (OEO) has been
used to generate a microwave signal with a high spectrum
purity from 100 MHz to 100 GHz by using light wave
energy storage elements, and it is considered as one of the
most promising techniques for implementing a frequency
sweep signal generator. Photonics and electronic techniques
provide several viable solutions for realization of OEOs
and their tunability [8-20], and these techniques can be

classified into four categories: 1) tuning the central frequency
of the RF or optical filters in loops [8, 9], 2) tuning either
the wavelength of the incident light wave or the longitudinal
modes of the light source in loops [10, 11], 3) tuning the
chromatic dispersion values of the dispersion elements
in loops such as a fiber Bragg grating (FBG) and a
dispersion compensating fiber (DCF) [12, 13], 4) tuning
the polarization state of the light wave in loops with a
polarization controller (PC) [14]. However, those proposed
schemes to implement tunable OEOs are usually costly due
to the bulky components and specific operating conditions
with the frequency tunable range limited to several MHz
[15], and the tuning speed (GHz/s) of the oscillator is
usually compromised. Furthermore, by using the tunable
high-Q electrical ﬁlters, yttrium iron garnet (YIG) ﬁlter,
e.g., the OEO can have a tunable range of several GHz.
However, its tuning speed is relatively low, and very high
and stable drive current is required [9]. Recently, phasemodulation-based single passband microwave photonic
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filter (MPF) [16, 17] have attracted great attention due to
the advantage of no dc bias drift for the phase modulators
compared to the electrical ﬁlter. Among the MPF methods,
stimulated Brillouin scattering (SBS) based MPF in an
OEO can easy generate wideband frequency such as 4-16
GHz in [18] but a -45 dbc/Hz@10kHz phase noise [19]
due to the amplified spontaneous emission noise (ASE).
Besides frequency tunability, several architectures for
constructing multiloop OEOs have been realized to improve
the phase stability. X. S. Yao [20] demonstrated dual-loop
OEOs incorporating two separated fiber delay lines with
unequal lengths, and much work has been carried out [21,
22]. J. Yang [23] proposed a polarization-beam splitter/
combiner based dual-loop scheme, and S. Pan [24] also
demonstrated the scheme incorporating a polarization
modulator. F. Kong [25] demonstrated a dual-frequency
OEO incorporating a phase-shifted fiber Bragg grating
(FBG) fabricated using a polarization maintaining fiber.
More importantly, the frequency tunability would be
complicated and the tunable range is as small as only a
few MHz if a multiple-loop structure is employed. Among
all the above methods, most efforts focused on the optical
fiber loop structure design, which works as a feedback
microwave ring cavity, and results show the increase of
cavity length is helpful for suppressing single sideband
(SSB) phase noise. However, the following factors limit
the increase of cavity length: 1) longer fiber loop means
more sensitive to environmental perturbations, such as
temperature and vibration; 2) longer fiber loop means
more oscillation modes need to be suppressed by a more
effective narrowband optical filter; 3) longer fiber loop
means slower tuning speed.
In this paper, we demonstrate a sweeping frequency
signal generator based on a tunable optoelectronic oscillator
incorporating a frequency-swept laser. The tunable microwave signal ranges from 8.8552 GHz to 10.3992 GHz in
X-band with a fine step about 8 MHz, and the tuning
speed can exceed 1 GHz/s. A prototype of the OEO with
a frequency of 9.1992 GHz and 10.3992 GHz is experimentally demonstrated. The generated radiofrequency signal
exhibits a good stability with a single sideband phase noise
lower than -100 dBc/Hz at an offset of 10 KHz within the
whole tunable range, without any narrow electric RF bandpass filters in the loop.

II. EXPERIMENTAL SETUP
The scheme used to experimentally demonstrate the
X-band high speed sweeping frequency signal generator is
shown in Fig. 1. A frequency-swept laser (Agilent 81600B)
tuned from 1527.60 nm to 1565.50 nm is used as the
optical source. The light wave from the laser is modulated
by the feedback electrical signal via a phase modulator
(PM). The amplitude of the optical signal is controlled by
an erbium doped fiber amplifier (EDFA) and a variable

FIG. 1. Experimental setup for the X-band high speed sweeping
frequency signal generator based on a tunable OEO.

optical attenuator (VOA). Then the modulated signal is
sent to a dispersion compensation module (DCM) in C
band via an optical circulator. The compensated residual
dispersion in the system depends on the laser central
wavelength, that determines the generated frequency of the
OEO. After that, the optical signal is sent to a polarization
controller (PC) and received by a photoelectric detector
(PD). Finally, the electrical signal is sent back to the PM
to close the OEO loop. An electronic amplifier (EA) is also
incorporated to ensure the loop gain is higher than unity.
In addition, the proposed scheme incorporating a DCM
substitute for the traditional optical delay line, which
shortens the entire loop to about 20 m compared with the
50 km mentioned above. The DCM is a chirp Bragg
grating in C-band by the Proximion Company, which can
compensate a G.652 optical fiber dispersion up to 240 km
and a G. 655 optical fiber dispersion up to 480 km with
a loss less than 8 dB.

III. PRINCIPLE
Assume the PM is driven by an RF feedback signal
Ve ⋅ cosωe t , where Ve is the amplitude and ωe is the angular
frequency of the RF feedback signal,.. For convenience,
the electrical field E1 ( t ) at the output of the PM can be
expressed as
⎤ ⎪⎫
V
⎪⎧ ⎡
E1 ( t ) = E0 ⋅ exp ⎨ j ⎢ω0 t + e cos (ωe t ) ⎥ ⎬
Vπ
⎦ ⎭⎪
⎩⎪ ⎣
= E0 ⋅ exp ( jω0 t )

∞

∑

n =−∞

(1)

j ⋅ J n ( γ ) ⋅ exp ( jnωe t )
n

where E0 and ω0 are the amplitude and angular frequency
of the incident light wave, J n is the n th-order Bessel
function of the first kind, γ = Ve / Vπ is the phase modulation index and Vπ is the half wave voltage of the PM. In
the case of small signal modulation, the above Eq. (1) can
be rewritten as
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Following that, the modulated signal is sent to a DCM via
an optical circulator, and the X-band oscillation frequency
is achieved by the optoelectronic oscillator loop. Finally,
the microwave signal is detected by a PD and can be
expressed as [12]
⎛ χλ 2ωe2 π ⎞ ⎪⎫
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+ ⎟⎬
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∞

(3)
where A is a constant influenced by the optical fiber loss
and response of the photodetector, n0 is the optical fiber
refractive index, λ is the wavelength of the swept wavelength tunable laser, G is the gain provided by the EA,
L is the equivalent length of DCM, χ is the dispersion
value of the DCM, and
γ ，(ωe ) = 2Ve cos (ωeτ / 2 ) / Vπ

ωe = ωosc = k ⋅

2c
χ

(8)

c
n0 L

( k = 1, 2,3...)

(9)

Geff (ωε ) will reach a maximum value and the oscillation
mode with a frequency ωosc will increase in phase after
circulation. Therefore, ωosc would be the oscillation
frequency. Substituting Eq. (7) to Eq. (6) yields

P (ωOSC , t ) ∝

1
⎡⎣1 − Geff (ωOSC ) ⎤⎦

2

(10)

When λ = 1527.6 nm , χ = 593 ps / nm, we get f osc =
10.399 GHz and when λ = 1565.5 nm, χ = 779 ps / nm, we
get f osc = 8.855 GHz .
We can infer the microwave-signal frequency interval
Δωosc based on Eq. (7) as
Δωosc = −

π
λ

2c Δλ π
⋅
−
χ λ 2λ

2c Δχ
⋅
χ χ

(11)

where Δλ is the wavelength interval of the frequency-swept
laser, Δχ is the dispersion variation introduced by wavelength dependence of the DCM.

IV. RESULTS AND DISCUSSION

⎛ χλ 2ω e2 π ⎞
+ ⎟
G eff (ω e ) = A ⋅ G ⋅ J 0 ⎡⎣γ ' (ω e ) ⎤⎦ J1 ⎡⎣γ ' (ω e ) ⎤⎦ cos ⎜
2⎠
⎝ 4π c
(5)

When the effective open-loop gain Geff is less than unity,
Eq. (3) can be simplified to
exp( jwet )
n L⎞
⎛
1 − Geff (ωe ) ⋅ exp ⎜ jωe 0 ⎟
c ⎠
⎝

(6)

The corresponding microwave power P (ωe , t ) is then
given by
P (ωe , t ) ∝

π
λ

(4)

Geff is the effective open loop gain, given by

V ' (ω e , t ) ∝

ωe = ωOSC =
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1
⎛ n L⎞
1 + Geff2 (ωe ) − 2Geff (ω e ) ⋅ cos ⎜ ω e 0 ⎟
c ⎠
⎝

(7)

When the OEO loop parameter meets the condition as
follows:

In this experiment, we use an Agilent 81600B as a
swept laser source tuned from 1527.60 nm to 1565.50 nm
linearly with a wavelength scanning speed of 80 nm/s and
a wavelength resolution of 0.2 nm, which has an excellent
absolute wavelength accuracy in ±3.6 pm and a wavelength
stability in ±1 pm at 24 hours at the full wavelength
range. Also a chirped fiber Bragg grating by the Provision
Company is utilized as a dispersion compensation module,
which can compensate the dispersion of 240 km G.652
fiber or 480 km G.655 fiber with a loss less than 8 dB.
In this experiment, the wavelength is tuned from 15251570 nm, in which the variation of the wavelength is a
small number compared to the wavelength itself, so the
relationship between the oscillation RF frequency and laser
wavelength by the Eq. (8) follows approximately to the
linear expression. Figure 2 consists of many experimental
data points of 0.2 nm space at x axis which is more like a
straight line. We choose the experimental data at 1545-1550
nm to zoom in which shows a linear curve fitting in the
upper right corner of Fig. 2. The jitter of data is due to the
impact of external environment on the system. The oscillation
frequency decreases when the value of is increased which
experimentally verifies the calculating formula above. When
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FIG. 4. Measured the generated 9.1992/9.2080 GHz oscillation
signal.
FIG. 2. Measured and fitted signal frequency as a function of
frequency-swept laser central wavelength.

the swept laser sweeps from 1527.60 nm to 1565.50 nm
in C band, the output microwave signal in X band is
achieved by the OEO which scans from 10.3992 GHz to
8.8552 GHz.
Figure 3 illustrates the corresponding observed electrical
spectra of the oscillation frequencies at the output. A set
of regular oscillation frequencies at X-band range from
8.8552 GHz to 10.3992 GHz of a fine step of 8 MHz
which is determined by the wavelength interval The
oscillations were generated satisfying the condition for a
certain swept laser central wavelength.
Figure 4 shows the generated 9.1992/9.2080 GHz
oscillation signal with an alternating swept laser central
wavelength at 1554 nm, and the inset shows the zoom RF
signal in the color grade scale persistence mode compared
with the result by a 1553 nm central wavelength. Within a
time of 500 µ s, the proposed OEO successfully generates
8.8/8.7 GHz oscillation signals, which benefit from the
short loop length of 20 m. So the tuning speed over 1

GHz/s is decided by the wavelength scanning speed of
Agilent 81600B with a tuning time of 0.2 nm/(80 nm/s) in
one wavelength interval which is much longer than the
oscillation time 500 µ s.
Figure 5 shows the measured electrical spectrum and
phase noise of the generated oscillation signal of 9.1992
GHz in (a) and 10.3992 GHz in (b). Respectively, when the
sweep laser wavelength is 1556.96 nm, microwave signal
with a center frequency of 9.19920 GHz and a phase noise
of -103.2 dBc/Hz @ 10 KHz is shown in Fig. 5(a), and
when the sweep laser wavelength is 1527.60 nm, microwave
signal with a center frequency of 10.39920 GHz and a
phase noise of -100.4 dBc/Hz @ 10 KHz is shown in Fig.
5(b). A zoom-in view of the electrical spectrum of the
oscillation signal at SPAN 100 MHz and RBW 910 kHz
is also provided. Results show the side mode suppression
ratio is greater than 60 dB and the phase noise is about
-100 dBc/Hz @ 10 KHz. Under the conditions of laboratory
environment, the stability of the generated signal is
evaluated and results show no mode hopping during more
than an hour observation.

FIG. 3. Measured electrical spectra from 8.8552 GHz to 10.3992 GHz.
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(a)
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(b)

FIG. 5. Measured electrical spectrum and phase noise of the generated 9.1992 GHz (a) and 10.3992 GHz (b) oscillation signal with
a frequency span of 100 MHz and resolution bandwidth of 910 KHz.

V. CONCLUSION
To conclude, we presented a frequency sweep signal
generator based on a tunable optoelectronic oscillator
incorporating a frequency-swept laser. A prototype of the
generator with tuning range from 8.8552 GHz to 10.3992
GHz and a fine step about 8 MHz is achieved. The proposed
device operates at up to X-band with an SSB phase noise
lower than -100 dBc/Hz is experimentally demonstrated
within the whole tunable range. Besides applying a novel
DCM instead of several tens of kilometers optical fiber
delay line, the tuning speed can reach to over 1 GHz/s.
Furthermore, if the VOA, optical amplifier, polarizer and
other components are realized monolithically, the scheme
allows on-chip integration while enhancing the filtering
stability and lowering the manufacturing costs.
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