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Microwave Frequency Measurement Based on an
Optically Injected Semiconductor Laser
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Abstract— A microwave frequency measurement system utiliz-
ing the optical injection technology in a semiconductor laser is
proposed. A single-wavelength optical carrier is generated and
divided into two parts. One part is intensity-modulated by a
control signal with a triangular shape and then injected into
a semiconductor laser to generate a frequency scanning optical
sideband. The other part is modulated by the microwave signal
under test, which is then coupled with the frequency scanning
optical sideband and detected by a photodetector (PD). The
output of the PD is filtered by an electrical passband filter
and detected by an envelope detector. Electrical pulses will be
obtained with the time interval proportional to the microwave
frequency. Thus the microwave frequency can be retrieved from
the time interval of the generated pulses. A proof of concept
experiment is taken. The microwave frequency measurement
from 3 to 40 GHz is achieved, and the frequency measurement
errors are within ±30 MHz.

Index Terms— Microwave frequency measurement, optical
injection, semiconductor laser.

I. INTRODUCTION

M ICROWAVE frequency measurement plays an impor-
tant role in many applications, e.g., electronic warfare,

radar, wireless communication systems [1]–[3]. Convention-
ally, microwave frequency can be identified by electrical
methods [4], but the measurement speed and bandwidth are
usually limited. To solve these problems, photonic approaches
mapping the microwave frequency into time domain have been
proposed for the microwave frequency measurement [5]–[15].
One typical method is based on the time-division multiplex-
ing (TDM) technique, which is usually performed using a
frequency-shifted loop [5]–[7]. After electro-optical modula-
tion and several rounds in the loop, the optical carrier and the
frequency-shifted sideband are combined and photodetected,
generating a down-converted microwave signal. Utilizing the
temporal position of the generated signal, the microwave
frequency can be obtained. However, the operation time will
increase with the measured bandwidth.

To realize a fast frequency measurement, real-time Fourier
transformation (RTFT) is proposed [8]–[11], which can be
implemented using a dispersion element assisted with a time
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lens [9], [10]. However, the frequency resolution is usually
limited by the dispersion value. Although an improved res-
olution can be realized using a frequency-shifted feedback
laser [11], it is hard to simultaneously achieve a large instan-
taneous bandwidth and a high frequency resolution.

Another typical method is the photonics-based frequency
scanning measurement [12]–[15]. A narrow-band filter,
of which the passband position is varying with time, is utilized
to filter the optical-carried microwave signal. A temporally
varying optical power after the filter is generated, which is
the mapping of the microwave spectrum. The narrow-band
filter can be implemented using a microwave photonic filter
assisted by a linear frequency modulated signal (LFM) genera-
tor [14], [15]. A high-speed digital-analog converter is required
in [14] and the continuous measurement of the microwave
frequency is hard to realize in [15].

In this letter, utilizing the optical injection technology in
a semiconductor laser, a microwave frequency measurement
scheme is proposed. A single-wavelength optical carrier emit-
ted from a master laser (ML) is divided into two parts.
One part is intensity-modulated by a control signal with a
triangular shape. By injecting the intensity-modulated optical
carrier into a semiconductor slave laser (SL) working at the
period-one state, a frequency scanning optical sideband is
generated. The other part of the optical carrier is modulated
by the microwave signal under test, generating the optical
signal sideband. The optical signal sideband and the frequency
scanning optical sideband are coupled together and detected by
a PD. Then the electrical passband filtering and the envelope
detection are carried out, generating the electrical pulses. The
frequency of the signal under test will be retrieved from the
time interval of the generated pulses. As compared with [14],
only a digital-analog converter with a sampling rate as low
as 2 GSa/s is required. In the experimental demonstration,
a frequency measurement region of 3-40 GHz and frequency
errors of ±30 MHz are realized. The frequency resolution as
low as 11 MHz can be realized with the help of a 20-MSa/s
oscilloscope.

II. PRINCIPLE AND EXPERIMENTAL RESULTS

Fig. 1 shows the scheme of our proposed system. An optical
carrier with a frequency of f0 is emitted from the ML
and divided into two parts. Via a Mach-Zehnder modulator
(MZM1), the microwave signal under test, of which the
frequency is assumed to be fm , modulates one part of the
optical carrier. The first-order sideband is selected by an
optical bandpass filter (OBPF1), which performs the optical
signal sideband and can be mathematically expressed as

Eup (t) = E1 exp [ j2π ( f0 + fm) t] (1)

where E1 represents the optical signal amplitude after OBPF1.
The direct digital synthesizer (DDS) generates a control signal
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Fig. 1. Schematic configuration of the proposed system. ML, master
laser; MZM, Mach–Zehnder modulator; OBPF, optical bandpass filter; PC,
polarization controller; CIR, circulator; DDS, direct digital synthesizer; SL,
slave laser; PD, photodetector; EBPF, electrical bandpass filter; ED, envelope
detector; RTOSC, real-time oscilloscope.

with a triangular shape, which is used to intensity-modulate
the other part of the optical carrier via MZM2. A polarization
controller (PC) is used to realize an optimal injection efficiency
of the SL, which works at the period-one state. The output of
the SL is filtered by OBPF2 to remove the optical carrier. The
frequency scanning optical sideband will be generated, which
can be mathematically expressed as

Edown (t)

=

〈
E2 exp

{
j2π

[(
f0 + fc + 1

2
fBW

)
t + fBW

Ttri
t2

]}

when − Ttri

2
≤ t ≤ 0

E2 exp

{
j2π

[(
f0 + fc + 1

2
fBW

)
t − fBW

Ttri
t2

]}

when 0 ≤ t ≤ + Ttri

2

(2)

where E2 is the amplitude of the optical signal, f0 + fc, fBW,

and Ttri are the central frequency, spectrum width, and period
of the frequency scanning optical sideband, respectively. It is
worthy to note that f0 + fc, fBW, and Ttri are related to
the power of the injected optical signals, the half-wave volt-
age (Vπ) of MZM2, and the waveform of the applied control
signal [16].

The output of the two branches are combined and injected
into a PD, with the electrical output as (3), shown at the bottom
of the page.

As can be seen, a triangular LFM signal with the instanta-
neous frequency of fc+0.5 fBW- fm+2 fBWt/Ttri during -Ttri ≤
t ≤0 and fc+0.5 fBW- fm -2 fBWt/Ttri during 0 ≤ t ≤ Ttri is
generated. After passing through an electrical bandpass filter
(EBPF, center frequency fIF, bandwidth δ fIF) and an envelope

detector, the output signal can be expressed as

Eout (t) = δ

[
t − fm + f I F − ( fc + 0.5 fBW)

2 fBW
Ttri

]

+ δ

[
t + fm + f I F − ( fc + 0.5 fBW)

2 fBW
Ttri

]
(4)

where δ(t) represents the temporal envelope of the generated
pulse and is related to the frequency response of EBPF.
The two pulses have a microwave frequency-dependent time
interval, which can be expressed as

�τ = ( fc + 0.5 fBW) − ( fm + f I F )

fBW
Ttri (5)

Thus the microwave frequency under test is mapped into
time domain with a mapping factor of Ttri/ fBW. By analyzing
the temporal output signal, the microwave frequency can be
estimated.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Based on the analysis above, an experiment is conducted.
A tunable laser diode (Agilent N7714A) is used as the ML.
MZM1 (Fujitsu FTM7938EZ, 40-GHz bandwidth, 4-V Vπ)
is driven by the signal under test from a microwave signal
generator (Agilent E8267D, 250 kHz-67 GHz) and MZM2
(Lucent 2623NA, 10-GHz bandwidth, 3.5-V Vπ) is driven by
a control signal with a triangular shape from a 2-GSa/s DDS
(Agilent 81150A). A distributed feedback semiconductor laser
(Actech LD15DM) is used as the SL. The bandwidth of the
PD is 30 GHz. The central frequency and the bandwidth of
the EBPF are 10 GHz and 11 MHz, respectively. Two OBPFs
(Yenista XTM-50, out-of-band suppression ratio larger than
40 dB) are used to remove the optical carriers in the upper and
lower branches. The envelope detector (ED, Agilent 8474C)
has a working frequency range of 10 MHz-33 GHz. The real-
time oscilloscope (RTOSC, Keysight DSO-X 92504A) has a
tunable sampling rate up to 80 GSa/s.

Firstly, an optical carrier with a wavelength of 1543.839 nm
and a power of 16 dBm is emitted from the ML. After passing
through MZM2, the PC and the circulator, the optical power
injected into the SL is about 6 dBm. The wavelength of the
free-running SL is 1543.932 nm, thus the frequency detuning
is 0.093 nm. When MZM2 is not driven by any signal,
the spectrum of the signal after the PC is measured by an opti-
cal spectrum analyzer (APEX AP2040D, resolution 0.04 pm)
and plotted in Fig. 2(a). Meanwhile, the optical spectra of the
SL without and with injection are also plotted in Fig. 2(a).
The frequency spacing of the longitudinal modes shown as
the blue curve in Fig. 2(a) is about 0.18 nm (corresponding to
the period-one frequency). When MZM2 is driven by a control

E P D (t) = ηP D
∣∣Eup (t) + Edown (t)

∣∣2

=

〈
ηP D

(
E2

1 + E2
2 + 2E1 E2 cos 2π

[(
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2
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)
t + fBW
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])
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2
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(
E2
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2 + 2E1 E2 cos 2π

[(
fc + 1

2
fBW − fm

)
t − fBW

Ttri
t2

])

when 0 ≤ t ≤ + Ttri

2

(3)

Authorized licensed use limited to: NANJING UNIVERSITY OF AERONAUTICS AND ASTRONAUTICS. Downloaded on December 04,2020 at 06:31:44 UTC from IEEE Xplore.  Restrictions apply. 



ZHANG et al.: MICROWAVE FREQUENCY MEASUREMENT BASED ON AN OPTICALLY INJECTED SEMICONDUCTOR LASER 1487

Fig. 2. (a) Optical spectra of the injecting light (black dashed curve), the SL
without injection (red curve), and the SL with injection (blue curve). (b) The
optical spectrum of the SL with injection when a control signal is applied,
and (c) the waveform, (d) time-frequency diagram of the correspondingly
generated electrical signal.

Fig. 3. (a) The experimental measurement result of a 10-GHz signal.
(b) The measured time interval value of the two generated pulses versus the
microwave frequency value tuning from 3 to 13 GHz.

signal with a triangular shape, of which the voltage varies from
-1.8 V to 0.7 V and the period is 10 μs, the optical spectrum
of the SL with injection is shown in Fig. 2(b). To observe
the frequency scanning optical sideband, the optical signal
before the OBPF2 is sent to the PD. The generated signal is
captured by the RTOSC and plotted in Fig. 2(c). The process
of time-frequency analysis for the generated signal is carried
out to obtain the instantaneous frequency, which is shown
in Fig. 2(d). A frequency scanning optical sideband with a
spectrum width of 11 GHz (12.1-23.1 GHz) and a period
of 10 μs is generated.

Then a 10-GHz signal with a 10-dBm power is used to
drive MZM1. By setting the sampling rate of the RTOSC to
be 100 MSa/s, the output waveform of the system is recorded
and plotted in Fig. 3(a). A 2.81-μs time interval of the two
generated pulses is observed, which is consistent with (5).
The measurement region of the microwave frequency is from
fc-0.5 fBW + fIF to fc+0.5 fBW + fIF, which is 2.1-13.1 GHz
in this experiment. By adjusting the microwave frequency from
3 to 13 GHz with a spacing of 1 GHz, different time interval
values of the two pulses are measured and shown in Fig. 3(b).

It is worthy to note that (4) is obtained on the condi-
tion that fc+0.5 fBW- fm±2 fBWt/Ttri = fIF. In fact, due
to the square-law detection of the PD, when fc+0.5 fBW-
fm±2 fBWt /Ttri = − fIF, two pulses can also be observed in

Fig. 4. (a) The measured pulse interval value versus the microwave frequency.
(b) The retrieved frequency and measurement errors of 100 times. The solid
lines: theoretical results, solid dots: measured results.

the RTOSC. Thus the frequency component from fc-0.5 fBW-
fIF to fc+0.5 fBW- fIF can also be measured, which is from
22.1 to 33.1 GHz in this experiment. Meanwhile, it has
been experimentally demonstrated that the frequency spacing
between the optical carrier and the frequency scanning optical
sideband is adjustable by changing the optical power and
wavelength of the ML, and the waveform of the applied control
signal [16]. Thus the measurement region of this system is
adjustable. In detail, by adjusting the injection parameters,
the spectrum of the generated electrical signal in Fig. 2(d) will
be from 23.1 to 32.1 GHz. Thus the frequency measurement
ranges will be 13.1-22.1 GHz and 33.1-42.1 GHz, correspond-
ing to the second and the fourth sliced regions in Fig. 4(a).
In this experiment, microwave frequency measurements in
the region of 3-40 GHz with a spacing of 1 GHz have
been carried out. Fig. 4(a) shows the measurement results in
different frequency measurement intervals. Utilizing the results
in Fig. 4(a), retrieved microwave frequencies are obtained,
shown in Fig. 4(b).

By observing the output signals 100 times, the measure-
ment errors are obtained and also shown in Fig. 4(b). The
measurement errors in the region of 3-40 GHz are about
±30 MHz, which is mainly due to the wavelength drift of the
SL and can be reduced by introducing accurate temperature
and bias current controls of the SL. In addition, by using
a frequency-sweeping OEO which contains optical injection
and optical-electrical feedback [17], the measurement errors
introduced by the SL can be further reduced.

The frequency measurement resolution in this system
depends on the product between the chirp rate of the frequency
scanning optical sideband (2 fBW/Ttri) and the pulse width
(δτ ) of the output electrical signal. δτ can be mathematically
expressed as

δτ = max

(
0.7

δ f I F
,
δ fI F

fBW
× Ttri

2

)
(6)

where 0.7/δ fIF represents the time width of the narrowest
pulse that can be observed by the RTOSC [14]. The value of
δ fIFTtri/2 fBW is the time duration of the filtered signal with
the frequency varying from fIF-0.5δ fIF to fIF+0.5δ fIF. Then
the frequency measurement resolution can be calculated as
follows

δ fR BW = δτ · (2 fBW
/

Ttri
)

= max

(
1.4 fBW

δ f I F Ttri
, δ fI F

)
(7)

It can be inferred from (7) that the optimal frequency resolu-
tion can be achieved with the value of δ fIF on the condition
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Fig. 5. (a) Pulse width (δτ ) of the output electrical signal and (b) the
theoretical frequency resolution versus the time duration Ttri of the control
signal. Solid dots: experimental results, blue curve: simulated theoretical
results.

Fig. 6. System outputs of a two-tone signal with a frequency difference
of 11 MHz (10 and 10.011 GHz). (a) Sampling rate 100 MSa/s. (b) Sampling
rate 20 MSa/s.

that Ttri >1.4 fBW /δ f 2
IF. To demonstrate this, in the experiment,

fBW and δ fIF are set to be 11 GHz and 11 MHz, respectively.
Fig. 5(a) shows the experimentally obtained pulse width values
(δτ ) of the output electrical signals by tuning Ttri of the applied
control signal, as shown in solid dots. The corresponding fre-
quency resolution values are also calculated according to (7),
as shown in solid dots in Fig. 5(b). Meanwhile, the theoretical
results are also calculated according to (6) and (7), as shown
in Fig. 5(a) and Fig. 5(b) in blue curves. As can be seen, the
experimental results agree well with the theoretical analyses.
In addition, from Fig. 5 (b), it can be seen that with the
increasing of the Ttri value, the system resolution is limited
to about 11 MHz (the bandwidth δ fIF of the EBPF), which
also agrees well with the theoretical analyses.

To further verify this, an experiment is carried out with
Ttri being set as 200 μs. A two-tone signal with a frequency
difference of 11 MHz (10 and 10.011 GHz) is used to drive
MZM1. Fig. 6 (a) shows the system output. It can be seen
that the mapping results from this two-tone signals can be
identified, approving the frequency resolution of no more than
11 MHz. The frequency resolution of this system can be
further improved utilizing an EBPF with a smaller bandwidth,
simultaneously along with a larger period of the control signal.
Besides, to observe the system output, the maximum sampling
interval must be less than 0.5δτ , which is 50 ns in this
experiment. Therefore, the sampling rate of the RTOSC can be
as low as 20 MSa/s. On this condition, when the same two-tone
microwave signal is applied, the system output is recorded and
plotted in Fig. 6 (b), which shows a great consistence with

Fig. 6 (a). This required sampling rate of the RTOSC can
be reduced using an electrical triangular control signal with a
larger time duration.

IV. CONCLUSION

In this letter, we propose and experimentally demonstrate a
microwave frequency measurement scheme utilizing the opti-
cal injection technology in a semiconductor laser. Microwave
frequency measurement form 3 to 40 GHz is realized. Mea-
surement errors are within ±30 MHz. A frequency resolution
no larger than 11 MHz has been realized using an RTOSC with
a sampling rate as low as 20 MSa/s. This scheme provides a
possible solution to modern spectrum measurement system.
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