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Abstract. The existing frequency bands, such as the C-band and L-band, are becoming increasingly crowded 
and cannot meet the growing demand for high-speed data rate services. To overcome spectrum congestion, 
meet future business needs, and overcome the bottlenecks of traditional electronic methods, we have modified 
an approach for generating W-band mm-wave signals with octupling frequency without the need for an optical 
filter. One integrated modulator consisting of two push-pull Mach–Zehnder modulators (MZM) in series is 
employed to achieve W-band signal generation. The octupling frequency signal generation depends on ±4th 
optical sidebands to beat frequency in the photodetector. For capturing ±4th optical sidebands, the bias point 
of the two push-pull MZMs needs work at the peak point, and the modulation index of the two MZMs should be 
simultaneously set to 2.4. We have conducted detailed mathematical derivation and computer simulation for 
the scheme, demonstrating its correctness. The results show that the optical sideband suppression ratio is not 
less than 45.73 dB, and the RF sideband suppression ratio can reach 37.64 dB. 
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1. Introduction  
Millimeter-wave (mm-wave) range is a band for emerging wireless communication 
technology, with a frequency range between 30 and 300 GHz [1-3]. Compared to traditional 
wireless communication technology, millimeter wave technology has higher bandwidth and 
faster transmission speed, which can achieve more efficient data transmission and lower 
latency [4-7]. Millimeter wave technology can also achieve higher spectral efficiency, 
enabling more data transmission within limited spectral resources, which can be used for 
communication [8-9], in short-range radars [10-11], in sensors [12-13], in scanners of 
airport security [14-15], etc. Due to the electronic "bottleneck problem," traditional 
electronic methods and technologies have many limitations in generating mm-wave signals, 
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such as large volume, high-frequency loss, small instantaneous bandwidth, and severe 
electromagnetic interference [16-20]. Compared to others, mm-wave signals generation 
based on photonic technique can cover relatively wideband, and it is inherently compatible 
with radio-over-fiber (ROF) systems, which achieve high-capacity and low-cost wired 
transmission of RF signals, and ultra-wideband wireless data transmission. Hence, photonic 
or optical schemes to generate mm-wave signals have drawn much attention recently. 

A large number of research achievements have emerged in the current generation of 
mm-wave signals based on photon technologies, to which belong optical heterodyne 
technology [21-22], direct modulation technology based on direct modulators, frequency-up 
conversion technology based on nonlinear effects, such as stimulated Brillouin scattering 
[23] and four-wave mixing [24-25], and external modulation technology based on electro-
absorption modulators, phase modulators [26-27], Mach–Zehnder modulators (MZM) [28-
31], dual parallel MZM [32-35] or cascaded MZM [36-38]. Among these approaches, external 
modulation techniques have been widely exploited and studied. Using external modulators 
cascaded with a filter or wavelength select switch, frequency doubling [39], quadrupling 
[40], and even octupling mm-wave could be obtained. A higher order harmonic frequency is 
needed to get a higher frequency mm-wave, while the scheme of mm-wave generation will 
be more complicated and of low quality. Some works on octupling frequency mm-wave 
generation have been reported. In  [41], authors employed cascading a Sagnac loop with an 
intensity modulator and a dual-parallel MZM in series to generate octupling frequency mm-
wave, and the optical sideband suppression ratio (OSSR) only ran to 20dB, and RF sideband 
suppression ratio (RFSSR) only attained 17 dB. In Ref.[42], mm-wave signals with frequency 
octupling have been proposed using two cascaded MZMs. This requires precise modulation 
index (MI) control to 2.4048, which is difficult to achieve in actual experiments. In Ref. [42], 
the key indicators OSSR and RFSSR have not been analyzed. In addition, it can be found from 
the spectral and radio frequency spectra presented in [42] that the quality of the signals is 
poor, with many signals of harmonic interference. 

To overcome spectrum congestion, meet future business needs, and overcome the 
bottlenecks of traditional electronic methods, a frequency octupling scheme is proposed 
using only one integrated modulator consisting of two push-pull MZM cascades without an 
optical filter. Two fourth-order harmonics are generated in the output optical signal by 
appropriately adjusting the two MZMs bias voltages, the radio frequency driving voltages, 
and phases. The scheme was simulated and verified through computer software, which can 
result in using 10 GHz microwave driving signals to obtain W-band 80 GHz millimeter waves. 

2. The theory principles of mm-wave signal generation 
Fig. 1 reveals the schematic architecture of the proposed scheme for realizing W band signal 
generation by frequency octupling with no need for an optical filter. The continuous 
lightwave output from a laser is defined as  in cosc cE E t , where cE  represents the 

amplitude of continuous lightwave, and c is the angular frequency of continuous lightwave. 

An additional unmodulated light wave is added structurally to eliminate the influence of 
residual 0th-order optical harmonics, resulting in better and purer target W-band mm-wave 
signal generation quality. The electric phase shifter is set to 90 degrees to create a 2  

phase difference between the RF driving signals injected into two MZMs. 
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Fig. 1. Schematic architecture of W-band mm-wave generation with frequency octupling. 

The light wave output by MZM-a can be given as 
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Where  nJ  is the first kind n-th order Bessel function,  denotes the MI of the MZM defined 

as mV V , mV  represents the amplitude of the RF driving signal, m  is the angular frequency of 

the RF driving signal, and V is the switching voltage of MZM. From Eq. (1), the 0th-order optical 

carrier and the odd-order optical harmonics are all eliminated, and only even-order optical 
harmonics are kept, except the 0th-order optical carrier. In addition to the strangulation of odd-
order light sidebands, the 0th-order light sideband is also eliminated due to the MI being set to 
2.4. The output by MZM-a is emitted into MZM-b, and the parameter of the optical phase shifter is 
configured to π. So that the 2nd and 6th-order optical harmonics of (4n-2)th order are 
suppressed. The output optical signal after MZM-b can be described as 
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To achieve the W-band signal with frequency octupling, only the ±4th order sidebands 
must be retained, and all other sidebands must be eliminated. To curb the 0th-order optical 
sideband with output from MZM-b, the light splitter is set to (99:1), and the output light 
wave can be given as  
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After ±4th order sidebands beat frequency in a photodiode (PD), the detected electrical 
octupling mm-wave signal can be expressed as 
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Here   indicates the responsivity of the photodetector.  

 
Fig. 2. Optical spectrum: (a) after MZM-a, (b) after MZM-b, (c) after eliminating the 0th-order 
harmonic; (d) RF spectrum of the generated W-band mm-wave signal with 80 GHz.  

3. Simulation and result analysis 
To demonstrate the accuracy and reliability of the presented W-band signal processing with 
an octupling generation scheme, a simulation was implemented based on computer 
OptiSystem software. In the system, a continuous optical carrier operates at a frequency of 
193.1 THz, at the power of 20 dBm, and a linewidth of 10 MHz. The MZM-a and MZM-b, with 
a switching voltage of 3.2 V and an extinction ratio of 50 dB, are biased at the peak points. 
The RF driving signal has a frequency of 10 GHz. The amplitude of the RF driving signal is 
2.4 V. The insertion loss for MZM is set to 5 dB. The responsivity of the photodetector is 
1 A/W. The electrical phase shift of EPS is π/2. 
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Fig. 2a shows the optical spectra output by the MZM-a. One can find that the optical 
spectrums contain even order sidebands except 0th-order optical carrier, and the sidebands with 
order higher than six completely disappeared owing to low power, which consists of ±2nd order 
optical harmonics with ( c 2 m  ) emerging at 193.08 THz and 193.12 THz, the ±4th order 

optical sidebands with ( c 4 m  ) appearing at 193.06 THz and 193.14 THz, the ±6th order 

optical sidebands ( c 6 m  ) appearing at 193.04 THz and 193.16 THz. Fig. 2b shows the optical 

spectrum at the outputs of the MZM-b. One can find the optical spectrums containing the ±4th 
order optical sidebands with ( c 4 m  ) appearing at 193.06 THz and 193.14 THz and the ±8th 

order optical sidebands ( c 8 m  ) appearing at 193.02 THz and 193.18 THz. After the second 

MZM, due to the influence of ± 2nd order, ± 4th order, and ± 6th order optical sidebands, the 0th 
order optical sidebands cannot be suppressed, as detailed in Eq. 2. By selecting a suitable beam 
splitter (99:1), the undesirable 0th harmonic can be eliminated, as shown in Fig. 2c. In Fig. 2c, a 
set of ± 4th-order light sidebands and a set of ± 8th-order light sidebands are seen. However, the 
± 8th-order optical harmonics are irrelevant, as the optical sidebands are much lower than the ± 
4th-order optical sidebands, and the OSSR reaches 45.73 dB, which would affect the quality of the 
generated millimeter wave signal. 

The RF spectra of the generated W-band mm-wave signal with frequency octupling are 
shown in Fig. 2d. Then, the desired 80 GHz W-band signal is obtained. However, some 
spurious waves with frequencies at 40 and 120 GHz are derived due to the undesired 8th-
order optical harmonics. Notwithstanding, the power of the generated W-band mm-wave 
signal at 80 GHz can reach 37.64 dB, which is far higher than derived spurious waves at 40 
and 120 GHz.  

Fig. 3 shows the influence of the extinction ratio for MZMs on OSSR and RFSSR. It can be 
seen from the figure that OSSR tends to flatten when the extinction ratio exceeds 47 dB, and 
RFSSR tends to flatten when the extinction ratio only needs to exceed 28 dB. In addition, by 
selecting MZM with a normal extinction ratio exceeding 20 dB in the experiment, the values 
of the system's OSSR and RFSSR can reach 14 and 20 dB, respectively, and therefore one can 
achieve good performance. 

  
Fig. 3. The influence of the extinction ratio for MZMs on OSSR and RFSSR. 
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Fig. 4. The influence of extinction ratio on OSSR. 

Due to the non-infinite extinction ratio of MZM, there may be residual odd-order 
harmonics. Fig. 4 indicates the influence of the extinction ratio on OSSR. The figure shows 
that as the extinction ratio increases, the optical sidebands suppression P4/P1, P4/P2, P4/P3, 
P4/P5, P4/P8 also increase synchronously. When the extinction ratio reaches 23 dB, P4/P8 first 
reaches stability, with a value of 45.73 dB. As the extinction ratio increases and reaches 
31.5 dB, P4/P2 also reaches stability, with a value of 60 dB due to the suppression of the 
second-order optical sideband. When the extinction ratio reaches 39 dB, P4/P5 also reaches 
stability, with a value of 58 dB due to the suppression of the fifth-order optical sideband. As 
the extinction ratio increases and reaches 51 dB, P4/P1 and P4/P3 gradually exceed P4/P8, 
bringing the system's OSSR to 45.73. Therefore, if a modulator with an extinction ratio 
exceeding 50 dB is selected for this experiment, it will produce good results and achieve an 
OSSR of 45.73 dB. Therefore, in the experiment, it is necessary to choose MZM with a higher 
extinction ratio to improve the quality of the generated signal. 

 
Fig.5. Effect of MI for MZMs on OSSR and RFSSR. 

Fig. 5 shows the impact of MI for MZMs on OSSR and RFSSR. It can be seen from the 
figure that OSSR and RFSSR are sensitive to MI for MZMs. As the MI deviation from the 
standard value at 2.4 increases, the decrease in OSSR and RFSSR tends to flatten. When the 
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MI offset is controlled within 0.05, the system's OSSR and RFSSR values can reach 20 dB and 
15 dB, respectively, and achieve good performance. 

4. Conclusion 
The paper proposes a modified approach to generating W-band mm-wave signals with 
octupling, in which an optical filter is unnecessary. The solution without optical filters can 
increase the tunable range of signal frequency. An integrated modulator consisting of two 
push-pull MZMs is employed. The octupling frequency signal generation depends on ±4th 
optical sidebands to beat frequency in the photodetector. For capturing ±4th optical 
sidebands, the two push-pull MZMs need to be biased at the peak point, and the MI of the 
MZMs is set to 2.4. OSSR can reach 45.73 dB, and RFSSR not less than 37.64 dB is achieved in 
the scheme. We analyzed the performance of the W-band mm-wave signal with 80 GHz in 
terms of OSSB and RFSSB when the extinction ratio and MI of the modulator are not ideal. 
With increased RF driving signal frequency, achieving a D-band or even a terahertz wave 
band is possible. Compared with previous schemes, this scheme has better and more stable 
performance. 
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Анотація. Існуючі діапазони частот, такі як C-діапазон і L-діапазон, стають все більш 
переповненими і не можуть задовольнити зростаючий попит на високошвидкісні 
послуги передачі даних. Щоб подолати перевантаження спектру та задовольнити 
майбутні потреби, а також подолати вузькі місця традиційних електронних методів, 
ми модифікували підхід для генерації сигналів мм-хвиль W-діапазону з восьмикратним 
збільшенням частоти без використання оптичного фільтра. Для генерації сигналу W-
діапазону використовується один вбудований модулятор, що складається з двох 
послідовно з’єднаних двотактних модуляторів Маха-Цендера (ММЦ). Генерація сигналу 
з восьмикратним помноженням частоти залежить від ±4 оптичних бічних смуг і 
смуги частот биття фотодетектора. Для захоплення ±4-ї оптичної бічної смуги 
точка зміщення двох двотактних ММЦ повинна відповідати піковій точці, а індекс 
модуляції двох МMЦ має бути одночасно встановлений на 2,4. Ми провели детальний 
математичний аналіз та комп’ютерне моделювання запропонованої схеми і 
продемонстрували її коректність. Показано, що коефіцієнт оптичного пригнічення 
бокової смуги становить не менше 45,73 дБ, а коефіцієнт пригнічення бокової 
радіочастотної смуги може досягати 37,64 дБ. 

Ключові слова: W-діапазон, генерація сигналу міліметрового діапазону, восьмикратне 
збільшення частоти, модулятор Маха–Цендера. 




