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Abstract. In work, a new method of optical microwave signal generation with frequency 18-tupling using three
parallel polarization modulators (PolMs) was proposed, in which the PolM is integrated through a polarization
beam splitter, two phase modulators, an electrical phase shifter, and a polarization beam coupler. To generate
a frequency 18-tupling millimeter-wave (mm-wave) signal, the polarization controller must first be employed
to bring out linearly polarized light. Next, the linearly polarized light is faded into three PolMs to be modulated
by a radio frequency signal, which can achieve multi-frequency optical sidebands. Last, controlling a polarizer
to cancel unwanted optical sidebands to obtain +9th optical sidebands is used to generate an 18-tupling mm-
wave signal. We have conducted detailed mathematical formula derivation and computer simulation for the
scheme. The results show that the scheme can be experimentally realized and accurate enough with the
performance of the signal: the optical sideband suppression ratio can reach 48.02 dB, and the radio frequency
spurious suppression ratio can reach 42.25 dB, almost equal to the theoretical model.
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1. Introduction
Since the 21st century, with the popularity of mobile internet and the continuous growth of

people’s demand for data transmission, the traffic usage of mobile internet has shown an
explosive increase. To meet the flourishing demand for communication and afford more
diversified services, we should certainly overcome the existing crowded spectrum and seek a
broader range of spectrum resources, especially higher frequency band resources [1-3].
However, the frequency band most services use is mainly concentrated in the small
bandwidth of 800 MHz~6 GHz, and the spectrum resources above 10 GHz are rarely utilized
[4]- Therefore, if the signal frequency band of the wireless communication system can be
expanded to the millimeter wave (mm-wave) band, it can not only solve the problem of
spectrum resource shortage but also obtain a faster transmission rate and larger
transmission capacity. However, the high path loss and short propagation distance of this
high-frequency carrier, the limited spectral response, and the huge cost of current electronic
devices also limit the generation of millimeter wave signals by electronic means [5].
Accordingly, optical domain generation of millimeter waves in recent years has received
extensive attention from researchers.
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There is already some literature available about the photonic generation method of
millimeter-wave so far, such as direct modulation techniques [6-8], optical heterodyne
methods [9-11], photoelectric oscillators [12-14], and external modulation techniques [15-
17]. Among the above methods, the external modulation method is extensively used by most
scholars due to its simple structure, high-frequency multiplication factor (FMF), pure signal
spectrum, and low-phase noise. Currently, most of the modulators used in external
modulation techniques are Mach-Zehnder modulators (MZMs), polarization modulators
(PolMs), and the combined dual parallel MZMs (DP-MZM) and the combined dual parallel
PolMs (DP-PolM). The existing technology can attain frequency multiplication mm-wave
signals with frequency quadrupling, frequency octupling, frequency 12-tupling, frequency
16-tupling, frequency 24-tupling, and so on. For instance, Lin C.T. et al. [18] proposed using
two parallel MZMs to obtain an optical mm-wave signal with frequency quadrupling, and the
optical sideband suppression ratio (OSSR) is about 36 dB. A frequency-octupled mm-wave
signal based on two parallel MZMs with an OSSR of 40 dB is proposed by Zhang Y. et al. [19].
Then Shang L. et al. [20] proposed a frequency octupling method consisting of two cascaded
MZMs in parallel, and the OSSR is 40 dB. A scheme proposed by Wang D. et al. [21] to
generate a frequency 12-tupling microwave signal using a DP-MZM with an OSSR of about
37.65 dB. Chen X. et al. [22] mentioned that two DP-MZMs cascaded to generate a 16-fold
frequency mm-wave signal, and the OSSR is 49 dB. Rani A. et al. in Ref. [23] proposed a
scheme of using three cascaded MZMs to generate a frequency 18-tupling mm-wave signal,
in which OSSR is 37.98dB and radio frequency spurious suppression ratio (RFSSR) is
32.02 dB. However, the stability of the produced mm-waves is subjected to the bias drift of
the MZMs. Consequently, the system based on PolMs to generate mm-wave has been given a
rousing reception by researchers because of its two advantages: high extinction ratio and no
bias drift. Zhu Z. et al. [24] proposed a photonic generation of frequency-quadrupled and
frequency-octupled microwave signals using a DP-PolM. By adjusting the angle of the
polarizer, two signals of different frequencies can be obtained using the same set of
equipment. The simulated OSSR values were 41.15 dB and 56.36 dB, respectively. The RFSSR
values were 35.95 dB and 49.24 dB, individually. Abouelez A.E. et al. [25] proposed two DP-
PolMs in parallel to generate a frequency octupling signal with the OSSR at 68.39dB. A
frequency 12-tripling signal based on two PolMs in parallel is proposed by Esakki Muthu K.
et al. [26], and the OSSR is 37.76 dB. Gayathri S. et al. [27] proposed that a frequency 16-
tupling signal is generated using four PolMs in parallel, and the resulting OSSR is 62 dB.
Baskaran M. et al. [28] proposed a scheme that uses two cascaded PolMs in paralle], i.e., four
modulators used to generate frequency 16-tripling signals, and the OSSR is 63 dB. There are
also a few schemes to generate frequency 18-tupling signals. For example, Rani, Ankita, and
Deepak Kedia [29] generate an 18-tupled photonic mm-wave using three cascaded MZMs,
and the resulting OSSR is 31.5 dB and RFSSR is 32.02 dB. Zhou, Hui, et al. [30] use an external
modulator and semiconductor optical amplifier (SOA) to generate an 18-tuple frequency
mm-wave; however, when external temperature changes and vibrations occur, which may
cause the direct current bias point of the MZM to drift, which requires additional circuits to
control and increases the complexity of the system.

To avoid bias point drift and generate higher quality millimeter wave signals, which
have high OSSR and RFSSR in the paper, a method of generating highly tunable frequency 18-
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tupling mm-wave signal microwave with only three parallel PolMs without an optical filter is
proposed. Theoretical analysis and simulation are conducted on the working conditions to
achieve the frequency of 18-tupling mm-wave signals. Controlling the phase difference
within each PolM, even harmonics can be eliminated, leaving only odd harmonics. Only
ninth-order sidebands are attained by suitably adjusting the phase difference among the
three PolMs and radio frequency (RF) voltage. The performance of the scheme is discussed in
relation to the aspects of OSSR and RFSSR.

2. Principle
This paper proposes a scheme for generating a frequency 18-tupling mm-wave signal based

on three PolMs. The PolM contains a polarization beam splitter, two phase shifters, an
electrical phase shifter, and a polarization beam coupler, as shown in Fig. 1. Fig. 1 shows a
schematic diagram of this system.

A 4
y
m PD ESA
x| Coupler \j

OSA

PolM3

Fig. 1. Schematic diagram of a frequency 18-tupling mm-wave signal generation circuit using three
polarization modulators. CW - continuous wave laser; RF - radio frequency; PC1 and PC2 - polarization
controllers; EPS1...EPS3 - electrical phase shifters; PolM1...PolM3 - polarization modulators; PBS:
polarization beam splitter; PM1 and PM2 - phase modulators; PBC - polarization beam coupler. Pol:
polarizer; PD: photodiode; OSA - optical spectrum analyzer; ESA - electrical spectrum analyzer.

A continuous wave (CW) laser emit continuous optical wave signal is defined as
E; (t)=Eejot, where E. and o, represent the amplitude and angular frequency of the

optical carrier, respectively. The continuous optical wave signal from the CW laser passes
through a polarization controller (PC1) by an optical splitter to a polarization modulator
(PolM1), and the azimuth of PC1 is 6; in respect to the x-axis, and then the output signal

from PolM1 is:

EXl ) Coselejm sinwmt
—E ejot (1)
c c . . . . s
E, sin@,e-jmsinoyt—jo,

where m=nV,, /V_ is the modulation index of the polarization modulator (PolM1), V, is

the amplitude of the RF signal, V, means half-wave voltage, o, is the regular frequency of
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the RF signal loaded on the PolM, and ¢, is the phase difference within the PolM1.
Similarly, the output signal from PolM2 and PolM3 can be shown as follows:

E jmsin(w,t+31)
2 _Eeint 00501? ! ( 1 ] @
E sin@,e-jmsin(ont+31)-je,

y2
E . cos 0, ejmsin(o,t+3;)

B |2 E ejod 1= 1, 3)
Es sin @, e~imsin(nt +3;)-jo3

where @, is the phase shift introduced by the first electrical phase shifter (EPS1) and @, is
the phase shift introduced by the second electrical phase shifter (EPS2), ¢, and ¢; is the

phase difference within the PolM2 and PolM3, respectively.
Then, the signals output from three polarization modulators are combined at the
coupler to form:

E (t)zl Eyq +l Ey, +l Ew
out 3 Eyl 3 Ey2 3 Ey3

cos elejm sinwmt
Single—jm sinw,,t—jo;
=ZE ejot +[ (4)

cos glejm sin(w,,t+J,)
+ L .
sin@,e-jmsin(ont+D2)=jos

cos glejm sin(@,,t+31)
sin@,e-jmsin(@nt+31)-je,

1 cos6; |:ejm sinwyt + ejmsin(w,t+31) 4 gjm sin(wmt+®2):|
==F ejot .
3°¢ sin6; [e-l’m SN0t =joy 4 e=Jmsin(@yt+21)=jo, + e=imsin(@,t+D;)-jo3 :|
The signal from the PC2 is:

Eout(t) :%Ecejwct

cos0; cosb, [el’m sinwyt 4 gjmsin(@,t+31) 4 gjm Si“(me@z)] (5)
>< )
sinf), sin@, | e-imsinont=joy + g=imsin(@yt+21)-jg; + g=jmsin(ant+3;)-jp; |
Where 6, is the azimuth of PC2 with respect to the x-axis.
Then, the signal from the Pol is:

Eout (t) = %Ecejwct
cost, 0
X (6)
0 sinf;

{[ cos0; cosfy[ efmsinant + ejmsin(nt+2y) 1 gjmsin(wyt+2;) | ”
sing, sin6,[ e-jmsinont—joy + g=imsin(opt+01)-je; 4 g=imsin(ant+3;)=jos | ||’
Here 6; is the polarization angle of Pol.

To suppress even-order optical sidebands, we can set the azimuth of PC1 6, to 7/4, the
azimuth of PC2 6, to 7/2, and the polarization angle of Pol 6; to 7/4, then the output

optical signal can be defined as:
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E,pe(t)= %Ecefwct [e/msinoyt + e-jmsina,t—jp

+%Eceja)ct |:ejm sin(w,t+33) 4 e—jmsin(w,t+3;)- jo, :| . (7)

+lEC€j‘0¢t |:ejm sin(w,t+33) 4 g—jmsin(w,t+33)-jp3 :|
6

Using the Bessel function to expand Eq. (7), we can get:

Eout (t) = %Ecejw”t

o N 1+(-1)"ejor +ein@z +(-1)" einDze-iez || (8)
x Z ]n(m)e]nwmt
o +eind3 +(-1)" einPze=jos
where ]n(m) is the Bessel function of the first kind of n-th order, and m is the modulation

index.
When the phase difference of the PolM ¢; = ¢, =¢@; =7, Eq. (8) can be simplified as:

Eout(t) :%Ecejwct

,(n=1,3,5,7,9,...), (9)

00

x 3 {Jn(m)einont [1-(-1)" [[1+ein2: + eins]|

n=—o0
Due to the [1 —(—1)"} term in Eq. (9), when the value of n is even (0, 2, 4, 6 ...), all even-

order sidebands would be suppressed, then Eq. (9) can be written as:

Eout (t) :%Ecejwct

1 (m)ejwmt [1 + e/ + €j®3]
+J3(m)es3ont [1+ 392 + €395 (10)
x4 +]5(m)es5ont [1+e/592 + /5% |
(

+J7(m)es7ent [1+ 1722 +e17%5]

+Jg(m)e/9%nt [1+e/992 +e/9%s |+ ...

It can be seen from Eq. (10) to suppress the unwanted third-order optical sidebands, we can
adjust the modulation index m=6.380, which can be seen in Fig. 2. Besides, to contain the
unwanted first, fifth and seventh-order optical sidebands, the phase difference of the first
electrical phase shifter (EPS1) with &J; is set to 27/3 , and the phase difference of the

second electrical phase shifter (EPS2) with &, is configured to -27/3, so that
14 e(jnd;) 4 e(xind3) =0, n=1,5,7 is satisfied.

Then Eq. (10) can be written as:
1 .
E t :—E }wct
out( ) 3 € . (11)
><{]9 (m)esont [1 +ej9%; + e1'9®3] +.. }

Meanwhile, there are only two ninth-order sidebands at the optical coupler's output, so
we can acquire an mm-wave signal of frequency 18-tupling mm-wave signal with two ninth-
order sidebands.
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J, (m)

Fig. 2. Graph of the Bessel function of the first kind of first, third, fifth, and seventh order.

When m=6.380, due to some unsatisfactory factors, the third-order optical sidebands
are not completely eliminated, becoming the optical sidebands with the highest amplitude
except for the ninth-order optical sidebands, so according to the definition of OSSR, it can be
obtained that:

J9%(6.380)

0SSR ~10logyy| 22—~
glo{ J32(6.380)

}:48.02 dB. (12)

These sidebands are then allowed to beat at the PD, and the resulting photocurrent can
be expressed as:

I(t) oc REZ[ J3(m)cos3m,,t + Jq (m)cos9comt]2
[ J2(m)cos23a@,,t + J2 (m)cosz9comt}

| +2J3(m) Jg(m)cos3w,,t cos9m,t

12 (m)( 1+ c0256comtj+ 12 (m)( 1+ c05218a)mt)

= REZ (13)

= REZ

| +/3(m) Jo(m)(cos6w,t +cos12am,t)

where fR is the responsivity of the PD.
Similarly, it can be concluded according to the definition of RFSSR
J92(6.380)

RFSSR ~10lo
810{ J32(6.380)

}:42.25 dB. (14)

3. Simulation results and analysis
A simulation experiment software is used for simulation and confirmation to verify the

accuracy of the generated frequency 18-tupling mm-wave signals. Table 1 shows the
parameter settings of the main components in the simulation.

A continuous laser with a linewidth of 10 MHz and a frequency of 193.1 THz is
uniformly divided into three beams by a splitter and injected into three parallel PolMs,
driven by an RF at 10GHz. The modulation index of the three modulators is set to 6.380, the
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phase difference of the EPS1 with &; is set to 27/3, and the phase difference of EPS2 with
&, is configured to —27/3.

Table 1. The main component parameters involved in the simulation.

Parameters Values
The center frequency of CW laser 193.1 THz
Linewidth of CW laser 10 MHz
Power of CW laser 20 dBm
Frequency of RF 10 GHz
Azimuth of PC1 n/4
Azimuth of PC2 72

The phase shift of EPS1 2 /3
The phase shift of EPS2 -2m/3
Polarization angle of Pol n/4
Responsivity of PD 0.8 A/W
The dark current of PD 10 nA

It is demonstrated that this plan using three parallel PolMs to generate a frequency 18-
tupling mm-wave signal is logical by observing the simulation results. A higher
multiplication factor is achieved without an optical filter, resulting in an OSSR of 48.02 dB
and an RFSSR of 42.25 dB. Owing to the frequency-tuneable type of the scheme, a signal of
180 GHz can be produced. The output optical spectrum diagram is shown in Fig. 3, and (a) in
Fig. 3 displays the simulation output optical spectrum of the output signal behind the
coupler. The final signal detected by the optical spectrum analyzer (OSA) is shown in
Fig. 3(b). The #9th-order sidebands are the main sidebands, located at 193.01 THz and
193.19 THz separately, with an interval of 180 GHz, 18 times the frequency of the 10 GHz RF
driving signal.
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Fig. 3. The simulated output optical spectrum detected by optical spectrum analyzer: (a) without
adjusting of modulation index and phase shifts; (b) with adjusting of modulation index and phase shifts.
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Fig. 4 shows the simulation output RF spectrum by photodiode (PD). The maximum RF
signal power is generated at 180 GHz, which is the required 18th RF signal.
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Fig. 4. Output diagram of RF spectrum.

As presented above, by adjusting the azimuth of the PC1 and PC2, the polarization angle
of Pol, and the phase difference of the EPS1 and EPS2, the high-purity 18-tupling frequency
signal can be gained. The simulation results prove that this proposed scheme can generate
microwave signals with high-frequency multiplication factors without an optical filter and
only using three polarization modulators, achieving a large variable range of frequencies.
However, these parameters may depart from the mathematical calculation value. Thus, it is
vital to investigate the impact of these non-ideal elements on OSSR and RFSSR.

50

50 . . . . . . 50 50 —————TF———T———T——T T ——T——T——
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451 RFSSR{ 45
40 - 40
40 4 - 40
30 430 354 - 35
2 L =
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C w w
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o x O254 1% =
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RT driven voltage offsct Pol offset, degree
Fig. 5 The impact of RF-driven voltage on OSSR Fig. 6 The influence of Pol angle drift on OSSR and
and RFSSR. RFSSR.

The impact of non-ideal RF-driven voltage on OSSR and RFSSR for frequency 18-tupling
mm-wave signal is shown in Fig. 5. It can be seen that a deviation of only +0.001 in RF input
voltage will have a significant influence on OSSR and RFSSR. When the RF voltage approaches
the calculated value, the OSSR and RFSSR of the signal gained are the highest and will decrease
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as the deviation increases. The outcome obtained is still admissible if the deviation is less than
+0.005. The OSSR value is over 15 dB. But if the deviation exceeds +0.002, the calculated RFSSR
value is no longer ideal.

Since the scheme of this simulation uses a polarizer before signal output, the influence
of polarizer angle drift on OSSR and RFSSR is shown in Fig. 6. The function of the Pol is to
work with PC1 to achieve the peak of the PolMs when 60, =7/4, 0,=7/4 are mentioned in

principle section, which is to suppress even order optical sidebands. We can see that when
the error does not exceed +1 deg, the OSSR value is above 15 dB; when the error does not
exceed *2 deg, the RFSSR value is above 15 dB. Therefore, the deviation of the polarizer
angle should not exceed *2 deg as much as possible.
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Fig. 7. The effect of phase difference within Fig. 8. The impact of PC1 angle drift on OSSR
PoIM on OSSR and RFSSR. and RFSSR.

Fig. 7 shows the effect of phase difference within a PolM on OSSR and RFSSR. It can be seen
that when the deviation is less than +0.2 deg, the obtained RFSSR is not significantly different
from the theoretical value. So, an error within +0.8 deg is acceptable for RFSSR. For OSSR, once
there is a small change, other orders of signal will exist, which will affect the purity of the signal.
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55

. . - r - r r r — 50 55— . . ; . . . . :
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PC2 offset , degree PC1 and PC2 offsct , degree
Fig. 9. The effect of PC2 angle drift on OSSR  Fig. 10. The impact of simultaneous offset of
and RFSSR. PC1 and PC2 on OSSR and RFSSR.

There are also two polarization controllers to adjust the working mode of three
polarization modulators in this scheme, so the angular deviation of the two polarization
controllers can also lead to errors in the simulation results. Then, the impact of PC1’s angular
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deviation on OSSR and RFSSR is shown in Fig. 8. It can be seen from the figure that when PC1
deviates by +0.25 deg, the value of OSSR decreases significantly but remains above 15 dB
when the drift is not exceeded +1 deg. As the deviation angle increases, the OSSR value
gradually decreases until the deviation exceeds +2 deg and the value approaches 10dB. At
this point, the +6th-order sidebands will beat to produce 12-tupling frequency signal.

The influence of the angle deviation of PC2 on OSSR and RFSSR is shown in Fig. 9.
Similar to the analysis in Fig. 8, the error is allowed within +1 degree, and the OSSR of mm-
wave signals is above 15 dB. But when the deviation exceeds 2 deg, the error cannot be
ignored. Then, we can see that if the azimuth of polarization is changed in both PC1 and PC2,
the values of OSSR and RFSSR do not deviate greatly, as shown in Fig. 10.

4. Conclusion
A method to achieve an mm-wave signal of frequency 18-tupling mm-wave signal using three

PolMs is proposed. Through reasonably controlling the polarization direction of the PC after
the parallel PolMs, the polarization angle of the polarizer and the voltage and phase of the RF
driven voltage, a frequency 18-tupling mm-wave signal microwave signal with an OSSR of
48.02 dB and an RFSSR of 42.25 dB can be generated. Moreover, the effects of several non-
ideal factors on OSSR and RFSSR have also been researched. The simulation results
demonstrate that even if those affected elements, such as RF voltage, angle drift of Pol, phase
difference within PolM, and angle drift of PC, as long as they deviate within a certain extent
from the ideal value, the consequence is still admissible. Compared with the previous
schemes using PolMs, this scheme only uses three polarization modulators in parallel, and
the 18-tupling signal is acquired without the filter condition; the obtained signal is pure, and
the system is steady.
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AHomayia. Y pobomi 3anponoHogaHo Ho8Ull Memod ezeHepayii onMuU4YHO20 MIKPOX8U./1b08020
cuzHany 3 18-KpamHorw 4acmomow 3 SUKOPUCMAHHAM MPbOX NAPA/IeAbHUX NOASIPUSAYITHUX
Mmodyaamopis (PolM), 8 sikomy PolM 06’edHaHull yepe3 noasipusayiiiHuti po32anyicysay NpomeHs,
dsa gasosi Modyasamopu, enekmpuuHull gpazodcyeay i noasipusayitiiHuti 06’edHysayu npomeHs. i
2eHepayii cueHaay mitimemposozo diana3oHy 3 18-mu KpamHum NOMHOMNCEHHSIM HEOOXIOHO
3adismu koHmposep noaspu3ayii. /lani AiHiliHo noAsipu30eaHe c8im/10 nepemaopreEMbCsl HA Mpu
npomeHi, ki modyaoromscss PolM padiouacmomuum cueHasoMm, wo 0038045 ompumamu
6azamouacmomHi onmuuHi 6iyHi cmyau. Hapewmi, Kepy8aHHs NnoaAsipu3amopom 04s yYCYyHeHHs
HEOA}CAHUX ONMUYHUX OIYHUX CMy2 O0/A9 OMPUMAHHS +9 oOnmu4Hux O6iYHUX CMye
sukopucmogyemucsi 0451 2eHepayii 18-kpamHozo cueHaany mMm-xeuab. Hamu ompumani
mameMamuyHi cniegioHoweHHs1 ma 30ilicHeHe Komn'tomepHe MO00eal08aHHA Yiel cxemu.
Pe3yabmamu nokaszyroms, Wo cxema Moxce 6ymu eKcnepuMeHmaabHO peasizosaHorn 3 docums
MOYHUMU XAPAKMePUCMuKaMmu CUzHaay: KoegiyieHm npudyweHHs1 onmu4Hoi 614Hoi cMyau Modice
docsizamu 48,02 0b, a koediyieHm npudywieHHs1 napasumHux 4acmom Modice docsizamu 42,25 db,
wo g8idnogidae meopemuyHiii Modei.

Knawuoei caoea: mikpoxsuibosuil cuzHaja, noaspusayiliHuti  modyasamop, Koegbiyienm
npudywieHHs1 onmu4Hoi 6i4Hoi cMyau, koegdiyieHm npudyweHHs napasumHuUx 4acmom
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