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Photonic generation of microwave arbitrary waveforms 
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A photonic approach is proposed to generate microwave arbitrary waveforms based on the stimulated Brillouin scattering 

(SBS) effect and the Sagnac loop. The Sagnac loop is utilized to generate the optical signals of ±1st-order and ±3rd-order 

sidebands. Due to the principle of velocity adaptation, even order optical sidebands are suppressed. Thanks to the SBS ef-

fect, the microwave signal consisting of odd order harmonics is generated after the photodetector (PD), which can con-

struct the triangular waveform, the square waveform, or the sawtooth waveform by adjusting the weight of the harmonics. 
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In recent years, the generation of arbitrary waveforms has 
been attractive in microwave photonics. Arbitrary wave-
form microwave pulses are widely used in data commu-
nication, radio frequency (RF) communication system[1,2] 
and electronic devices for testing and measurement of the 
optical signal[3,4]. There are many methods to generate 
arbitrary waveforms, such as space-to-time (STT) pulse 
shaping method[5,6] and frequency-to-time mapping 
(FTTM) technique[7]. High-speed photoconverter and 
free-space optical components can be used in STT pulse 
shaping method. In that scheme, the dimension of the 
system is large, and additional components may create 
much noise so that it would lead to enormous optical 
power loss. At the same time, the FTTM method has dis-
advantages of high cost, and the low duty cycle (<1). 
After continuous research, the arbitrary microwave 
waveform could be generated by frequency comb genera-
tion and optical spectrum manipulation[8]. But in this 
system external modulation could increase the complexi-
ty of operation. In Ref.[9], an arbitrary microwave wave-
form is generated by allowing an ultra-short microwave 
pulse to pass through a microwave photonic filter (MPF) 
and a time reversal module (TRM). Due to using differ-
ent optical filters to generate different waveforms, the 
stability of the system is limited. In Ref.[10], a du-
al-parallel Mach-Zehnder modulator (DP-MZM) was 
used to generate arbitrary waveforms. The flaw in this 
approach is that the ideal the repetition rate of the differ-
ent waveforms is hard to be manipulated in practical ap-
plications. Then, the authors generate a microwave 
waveform based on two dual-drive Mach-Zehnder mod-

ulators (DD-MZMs)[11]. By utilizing a fiber Bragg grating 
(FBG) to remove the unideal sidebands, a triangular 
waveform is obtained which can’t be transformed to oth-
er waveforms. In Ref.[12], a scheme using paral-
lel-connecting high-birefringence fiber loop mirrors (Hi-
Bi-FLMs) to generate a microwave waveform has been 
proposed. But the extinction ratios (ERs) of some specific 
spectra (square waveform and sawtooth waveform) are 
relatively low. In addition, generating arbitrary waveform 
also can use the polarization division multiplexing 
Mach-Zehnder modulator (PDM-MZM)[13]. Though the 
structure of the system is simple, it’s difficult to manipu-
late the polarization state. 

In this paper, we present a modified approach based on 
stimulated Brillouin scattering (SBS) effect and Sagnac 
loop[14-17] to generate three types of microwave waveform. 
Through the photodetector (PD), the microwave signal 
consisting of odd order harmonics is generated, which 
can construct the triangular waveform, the square wave-
form, or the sawtooth waveform. The theoretical analysis 
is presented, which is validated by a simulation experi-
ment. The proposed method not only improves the stabil-
ity of the system, but also has the potential in full optics 
link. 

Fig.1 shows the schematic diagram of microwave arbi-
trary waveforms. A beam of light from the tunable laser 
source (TLS) enters a Sagnac loop via a polarization con-
troller (PC). In the Sagnac loop[18,19], the light is split by a 
polarization beam splitter (PBS) into two orthogonally 
polarized light waves which travel along with the clock-
wise and counter-clockwise directions respectively, and 
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then they are merged in a polarization modulator (PolM). 
As shown in Fig.1, the clockwise and counter-clockwise 
light are injected into PolM, which are driven by an RF 
signal with frequency of fm. Due to the principle of veloc-
ity match, the clockwise light can be modulated effec-
tively in Fig.2(b). Thus, the optical carrier with frequency 
of f0 and six sidebands with a frequency interval of fm are 
existed in optical spectrum. However, along the coun-
ter-clockwise direction, light waves and microwaves 
travel in the opposite direction, which could result in a 
weak modulation as shown in Fig.2(a). In weak modula-
tion, the optical spectrum has only the optical carrier with 
frequency of f0. As a result, a modulated optical signal 
meets an unmodulated signal in PBS. It is noted that 
even-order sidebands suppressed signals can be obtained 
after polarizer (Pol) by adjusting PCs (PC3 and PC4) and 
PolM, which is equivalent to introducing a static phase 
shift to the modulation signal. At the output of PBS, op-
tical signals consisting of ±1st-order and ±3rd-order 
sidebands are generated as shown in Fig.2(c). We could 
find the odd-order sidebands are combined with the 
counterclockwise propagated optical carrier at the Pol. 
Meanwhile, the lower part is modulated by an RF signal 
of which the frequency is fp. By setting the bias of the 
MZM, a modulated light wave with only odd-order side-
bands is obtained and sent into a single mode fiber (SMF) 
as pump light. Subsequently, the unwanted optical side-
bands are filtered out by the SBS effect, leaving only the 
carrier, the +1st-order, and the +3rd-order sidebands. Ul-
timately, a triangular wave, a square wave and a sawtooth 
waveform can be generated after PD by adjusting the 
modulation index and phase. 

 

 
TLS: tunable laser source; OC: optical circulator; PC: polarization 
controller; PBS: polarization beam splitter; PolM: polarization modula-
tor; Pol: polarizer; MZM: Mach-Zehnder modulator; PD: photodetector; 
SMF: single mode fiber; Black solid line: optical path; Black dotted line: 
electrical path 

Fig.1 Schematic diagram of the arbitrary wave signal 
generator 
 

In the mathematical expression, the clockwise light 
field can be written as: 
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where Ecw=E0cosθ is the amplitude of the electrical field 
of the clockwise propagation light wave. Assuming that 
the amplitude of the electrical filed of the CW light wave 
from the TLS1 is E0, and the polarization direction of the 
incident light from the TLS1 is aligned at an angle of θ 
relative to one principal axis of the PBS, β is the phase 
modulation index, ω0=2πf0 and ωm=2πfm are the angular 
frequency of the optical carrier and the modulated mi-
crowave signal respectively, Jk(ꞏ) denotes the kth-order of 
the first kind of Bessel function[20]. After combining the 
counter-clockwise modulation signal with the clockwise 
optical signal, the PC is adjusted to form an angle of α 
with the principle axis of PBS, and the output light field 
can be expressed as 

  Epol=EPBS-cwcosα+EPBS-cwsinα.                 (2) 

Here, the counter-clockwise light can be written as: 

EPBS-ccw=E0exp(jωt)sinθ.                     (3) 

Assuming that θ=α=45°, the PC and the PolM are ad-
justed to suppress the even order sidebands, and the out-
put optical signal of the Pol can be expressed as 
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Fig.2 Spectra modulated after (a) modulating in the 
Sagnac loop, (b) passing through PolM, and (c) ad-
justing the PC3 and PC4 
 

After the light in the lower branch passing through 
MZM, the bias voltage of MZM is adjusted to obtain 
±1st-order sidebands, which are sent to SMF as pump 
light to generate the SBS effect. In general, the Brillouin 
frequency shift can be approximately expressed as 

vB= 2nvA/λP ,                               (5) 

where n represents the effective refractive index of the 
fiber, vA represents the velocity of the acoustic wave, and 
λP represents the wavelength of the pump wave. In gen-
eral, the Brillouin gain spectrum g(f) and loss spectrum 
α(f) generated by the SBS effect can be given by 
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where g0=gBIPLeff/Aeff, gB denotes line center gain coeffi-
cient and IP denotes the power of the pump light, Leff rep-
resents effective fiber length, Aeff 

represents effective 
mode area, vB  is Brillouin frequency shift, ΔvB is Bril-
louin linewidth, and f is the frequency offset from the 
gain and loss spectrum center. 

The lower part of the optical signal from TLS2 is 
transmitted into the MZM, which is modulated by an RF 
signal at fp. By setting the bias of the MZM, the optical 
sidebands at fc+fp and fc−fp are obtained and sent into 
SMF as pump light, as shown in Fig.3(b). Meanwhile, the 
previous modulated light is injected into the same SMF in 
the opposite direction. Then the SBS process of the mod-
ulated signal is performed[21,22], and −1st-order sideband 
and −3rd-order sideband can be suppressed completely as 
illustrated schematically in Fig.3(c). Therefore, the opti-
cal field of a single sideband modulation signal com-
posed of −1st-order sideband and −3rd-sideband can be 
expressed as 
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where fp1=fc1+fp and fp2=fc1−fp. After PD, the output elec-
trical signal can be expressed as 
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And the four parameters are given by the following equa-
tions: 
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and R is the responsivity to PD. 
 

 

Fig.3 The schematic diagram of the SBS effect pro-
cess: (a) The output spectrum of the upper branch; (b) 
The output spectrum of the lower branch; (c) The 
output spectrum of the SBS effect 
 

In Eq.(9), the first three DC components can be easily 
removed by using DC block equipment in the experiment; 
therefore, Eq.(9) can be simplified as follows: 
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 (14) 
Because the stimulated Brillouin loss is relatively high 

in the experiment, and the SBS induced nonlinear phase 
shift φa is calculated to be zero, so the components with 
coefficients A and A2 can be ignored. Therefore, Eq.(14) 
can be simplified as follows: 
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Based on the theoretical diagram shown in Fig.1, the 
simulation is carried out. A beam of polarized[18] light 
from TLS1 at 1 550.33 nm is injected into the Sagnac 
loop through PC1. The RF signal at 10 GHz was applied 
to the PolM, the power of the RF signal is controlled to 
16 dBm, the half-wave voltage of PolM is 3.3 V, and the 
microwave transmission loss is 2 dB. Two quadratically 
polarized lights travel clockwise and counterclockwise 
through the PolM in the Sagnac loop.  Because of the 
velocity mismatch, unmodulated and modulated optical 
signals are generated in opposite propagation direction. 
Then by adjusting PC3 and PC4, even sidebands can be 
effectively suppressed at the output of PBS, and the opti-
cal carrier and 1st-order and 3rd-order sidebands re-
main unchanged. Meanwhile, a beam of light from TLS2 
at 1 550.58 nm is emitted into the MZM, which is modu-
lated by the RF signal at 10 GHz to produce the 
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1st-order sidebands with the suppressed carrier. The 
output power of TLS1 and TLS2 is about 10 dBm, and 
the power of RF signal at fp is 16 dBm. The 1st-order 
sidebands are used as pump light to generate the SBS 
effect. Ultimately, the optical signal is applied to PD to 
generate a triangular waveform with a variable repetition 
frequency equal to the frequency of the RF signal applied 
to the MZM. 

The Fourier series expansion of a typical triangular 
waveform sequence Qtr(t) is given by[23] 

tr tr tr 2
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where Ctr and Dtr are two DC constants. According to 
Eq.(16), a triangular waveform only has odd-order har-
monics. Fig.4(a) shows the waveform output from the Pol. 
As can be seen from Eq.(15) an ideal triangular wave-
form having two components are obtained when the 
modulation index β is set to 1.51, which is shown in 
Fig.4(c). The root-mean square error (RMSE) can be cal-
culated as 

2
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( )RSME I I

n
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where I0 is the ideal triangular Fourier series, and I1 is the 
triangular waveform generated in the proposed system. 
Comparing with the standard triangular wave in Fig.4(b), 
the RMSE is 0.005 5, which is far less than the theoretical 
value[24] and close to the ideal value. 
 

 

 

 

Fig.4 (a) The wave diagram without the SBS effect 
measured in simulation; (b) Standard triangular wave 
diagram measured in simulation; (c) The triangular 
wave diagram of Fig.1 in the simulation 

 

By changing the frequency of the modulated RF signal, 
the repetition rate of the obtained triangular waveform 
can be changed to 20 GHz or 40 GHz as shown in Fig.5. 

 

 
 

 
Fig.5 Triangular wave simulation diagrams with a rep-
etition rate of (a) 20 GHz and (b) 40 GHz 

 
The Fourier series expansion of a typical square 

waveform sequence Qsq(t) is given by 
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where Csq and Dsq are two DC constants. Comparing 
the expression of I(t) in Eq.(15) with the Fourier series 
expansion of a square waveform sequence Qsq(t) in 
Eq.(18), the square waveform generation is similar to the 
triangular waveform generation. In order to generate an 
ideal square waveform, the modulation index should be 
set as 6.10. After changing the input signals with different 
frequencies, the square waveforms with different repeti-
tion rates can be obtained as depicted in Fig.6. 
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Fig.6 Square waveform simulation diagrams with a 
repetition rate of (a) 10 GHz, (b) 20 GHz, and (c) 40 GHz 
 

The Fourier series expansion of a typical sawtooth 
waveform sequence Qsw(t) is given by 
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where Csw and Dsw are two DC constants. As can be seen 
from Eq.(19), the sawtooth waveform has odd-order and 
even-order harmonics, and a sawtooth waveform genera-
tion is similar to the generation of the square waveform. 
However, it should be ensured that the following rela-
tionship is established to obtain an ideal sawtooth 
wave[25] 
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In this case, the static phase should be 0.35π, which 
can be implemented by tuning PC3 and changing the 
power of the RF signal. In consequence, the attained 
sawtooth waveform is shown in Fig.7. 

 

 

 

 

Fig.7 Sawtooth waveform simulation diagrams with a 
repetition rate of (a) 10 GHz, (b) 20 GHz, and (c) 
40 GHz  

 
In conclusion, we propose and demonstrate a new 

scheme for generating arbitrary waveform microwave 
waveforms based on the Sagnac loop and SBS effect. The 
key technique in Sagnac loop is that the coun-
ter-clockwise light is not modulated, while the clockwise 
light is effectively modulated. Once the frequency of the 
modulated microwave signal is changed, the arbitrary 
microwave waveform signals with variable repetition rate 
will be obtained. The system has full optical potential. 
The stability of the system has been improved with the 
help of Sagnac loop. Thus, this scheme is particularly 
attractive as a waveform generation source for radar sys-
tems and photonic network applications. 
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