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Abstract. The paper offers a detailed design and simulation analysis of a frequency 10-tupling millimeter-wave
(mm-wave) signal generation method based on polarization modulation and optical sideband selection. In
modern wireless communication systems, the need for high-frequency, high-capacity, and low-loss signal
transmission has been continuously increasing. mm-wave technology, operating between 30 GHz and 300 GHz,
provides a promising solution because of its wide bandwidth and high data rate potential. However, producing
stable and pure mm-wave signals at high frequencies, especially at multiples of a base radio frequency,
presents significant technical obstacles. Traditional direct frequency multiplication methods face issues like
inefficient conversion, complex circuitry, and unwanted harmonic generation. To overcome these limitations,
the proposed scheme uses polarization modulation and optical sideband filtering to achieve high-order
frequency multiplication with better sideband suppression. The method involves a continuous wave laser,
polarization controllers, polarization modulators (PolMs), electrical phase shifters, and a photodiode to
produce a pure 10th-order mm-wave signal. By adjusting polarization angles, phase shifts, and modulation
indices, unwanted harmonics are effectively removed. Simulation results show the accuracy and feasibility of
the scheme, with the generated mm-wave signal having a high optical sideband suppression ratio of 63.6 dB
and a radio frequency sideband suppression ratio of 56.089 dB. Although potential issues like bias-voltage
drift, modulation-index inaccuracies, and the finite extinction ratios of PolMs may occur, the scheme provides a
promising method for high-frequency mm-wave signal generation.
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1.Introduction
The rapid development of 5G/6G communication systems, satellite-ground integrated networks,

and high-resolution radar systems has created an unprecedented need for millimeter-wave (mm-
wave) signals with frequencies above 100 GHz. These high-frequency signals are essential for
enabling ultra-wideband data transmission, low-latency communication, and high-precision
sensing. However, traditional electronic mm-wave generators, such as frequency multipliers and
voltage-controlled oscillators, face fundamental limitations in bandwidth, power consumption,
and phase noise when operating above 100 GHz. The electronic bottleneck becomes especially
noticeable in scenarios requiring frequency multiplication factors greater than 8x, where
parasitic effects and thermal noise impair signal quality [1-4].

01016 UKr. J. Phys. Opt. 2026, Volume 27, Issue 1



A New Photonic Scheme

Photonic techniques have emerged as a disruptive solution to overcome these challenges.
By leveraging the high-frequency operation capability of optical components and the low-loss
transmission properties of fiber-optic systems, photonic mm-wave generation enables
seamless integration with radio-over-fiber (RoF) networks while achieving superior frequency
tunability and phase noise performance. Among photonic approaches, frequency multiplication
based on optical modulation has demonstrated significant potential. Traditional methods, such
as Mach-Zehnder modulator (MZM)-based cascading and four-wave mixing (FWM) in highly
nonlinear fiber, have achieved frequency multiplication factors up to 24-tupling [5]. Despite
these advances, existing photonic frequency multiplication schemes often rely on complex
configurations, such as multi-stage cascading or hybrid MZM-semiconductor optical amplifier
systems, which introduce challenges in system stability, cost, and scalability. For example, the
24-tupling FWM-based method requires precise control of semiconductor optical amplifier
gain and phase-matching conditions, whereas cascaded MZM schemes demand strict bias-
voltage alignment to suppress unwanted sidebands [6]. Moreover, filterless architectures,
which are essential for reducing system complexity, remain underexplored for high-order
multiplication factors (e.g., 210-tupling) [7-8].

The generation of 10-tupling mm-wave signals using external modulators (phase
modulators, MZM modulators, polarization modulators) remain relatively unexplored. A
10-tupling factor serves as a crucial intermediate step between lower-order (e.g., 8-tupling)
and higher-order (e.g., 12-tupling, 16-tupling) multiplication schemes, balancing system
complexity and frequency scalability. Ankita Rani [9] employed a dual-parallel configuration
of MZMs to flexibly generate optical signals with multiple tupling factors (2, 4, 6, 8, 10, and
12) by controlling the bias point. However, this scheme depends on a MZM, and in actual
experiments, the bias point drifts, necessitating additional complex control circuits. The
scheme shows advantages at low frequencies, such as 2nd and 4th harmonics, with radio
frequency sideband suppression ratio (RFSSR) reaching 36.34 dB. Yet at higher frequencies,
such as the generation of 10th-tupled millimeter-wave signals, RFSSR is only 13.8 dB, making
it challenging for communication applications. Jianhong Geng [10] proposed generating
10th-harmonic millimeter-wave signals using dual parallel MZMs and stimulated Brillouin
scattering. In this scheme, the main modulator and the two sub-modulators of dual-parallel
MZMs are both operated at the minimum transmission point to suppress the optical carrier
and even sidebands. The modulation depth of the sub-modulators and the phase shift of the
phase shifter are further adjusted to suppress the first- and seventh-order sidebands, leaving
the third- and fifth-order sidebands. Then, the stimulated Brillouin scattering effect is used to
filter out the third-order sidebands through Brillouin sideband filtering, retaining only the
fifth-order sidebands. After sampling by a photodetector (PD), a 10th-tupled millimeter-
wave signal can be obtained. However, due to the complex structure and nonlinear effects,
the RFSSR of the generated 10th-tupling-frequency millimeter-wave signal is only 24 dB.

Because polarization modulators lack bias points, they do not experience bias-point
drift during millimeter-wave signal generation, thereby overcoming the problem of bias-
point drift in MZMs [11-13]. The paper proposes a new photonic scheme to generate
frequency 10-tupling mm-wave signals using four parallel polarization modulators (PolMs).
The proposed architecture exploits polarization multiplexing to selectively suppress the
optical carrier and unwanted sidebands, enabling the generation of pure +5th-order optical
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sidebands. By optimizing the modulation index and phase differences between polarization
states, the scheme achieves carrier-to-sideband suppression ratios exceeding 40 dB without
the need for optical filters. Theoretical analysis and simulation results demonstrate that the
proposed method can generate a 10-tupling mm-wave signal with a frequency tunability of
up to 200 GHz, making it suitable for next-generation RoF systems and high-resolution radar
applications. This work addresses the gap in high-order frequency multiplication by
introducing a filterless, low-complexity PolM-based architecture. The proposed scheme not
only advances the state of the art in photonic mm-wave generation but also provides a
scalable platform for future research on sub-terahertz (Sub-THz) signal synthesis.

2.Principle of 10-tupling mm-wave signal generation
To achieve a 10-fold increase in the mm-wave frequency, a set of positive and negative

Sth-order optical sidebands is needed to beat in the PD. However, obtaining pure +5th-order

optical sidebands is difficult because many unwanted harmonics also appear, such as Oth,
+2nd, +3rd, +4th, and £6th order sidebands.

@ -r-----
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-

PolM, Fig. 1. Schematic diagram of
the generation of a frequency
10-tupling mm-wave signal.

7 RF: radio frequency; CW:
' continuous wave; PC:
CW Laser PolM; polarization controller; PolM:

polarization modulator; Pol:
polarizer;  EPS: electrical
phase shifter; OPS: optical
phase shifter; PC: polarization
controller; PD: photodiode.

OPS-2
To obtain pure *5th-order sidebands, the proposed scheme employs the following
measurements to eliminate undesired harmonics. The continuous wave laser first radiates a

light wave E;, = E exp(jo.t), where E and o, are the amplitude and angular frequency of

the optical carrier wave, respectively. The light wave output by the laser is first injected into
the polarization controller (PC), with an azimuth angle of 45°. Then, it passes through a
1x4 beam splitter and is divided into four polarized light beams, which are respectively
injected into the polarization modulators PolM;-PolM4 for modulation.

The output of a PolM can be described as:

E; cos6,exp( jmcos(wppt + @
" 1= Eexp(jo,t) e (st +4y)) . (1D
E;, sin@exp(-imcos(wgpt +¢;))

In Eq. (1), m=zVge/V, is the modulation index of PolM, V, is the half-wave voltage, Vg is

the amplitude of the driving voltage, 6, represents the azimuth angle of the polarization

controller, wpyis the angular frequency of the driving RF signal, and ¢, is the phase offset of
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the i-th PolM. At the adjusting the azimuth angle of the polarization controller to 7/4, and

adjusting the electrical phase shift of the phase shifter loaded on the PolM from the first
channel to the fourth channel to 0, 37/7,27/3,237/21 respectively. The output of the first

PolM (PolM,) is:

E [exp( jm cos(wppt
- ﬁEcexp(ja)ct) Py (oet)) . (2)
Ey, | exp(~jm cos(wgt))
The output of the second PolM (PolM,) is:
E [exp( jm cos(wppt+37/7)) |
) QECexp(ja)ct) p(J (g 7) . (3)
Ey) 2 | exp(-jm cos(wggpt+37/7)) |
The output of the third PolM (PolM3) is:
E [exp( jm cos(wppt+27/3)) |
2 QECexp(ja)ct) p(J (g /?) . (4
Es, | exp(jm cos(wgpt+27/3)) |
The output of the fourth PolM (PolM,) is:
E,y =£E exp(jay) exp(jm cos(wgpt+237/21)) (5)
Ey) 2 °° | exp(jm cos(wgpt+237/21))
If the signal output from the i-th modulator is injected into the Pol, the output signal is
cosf, 0 | Ey .
Eout_i(t)z{ 0 sin@j{Eiy =E; cos6, +E,,siné,. (6)

When controlling the polarization angle of Pol to 6,=—x/4, the optical signal output by the i-
th modulator can be described as:
cos6, 0 | E;
Eae (1)< ] eten-,

0 sin6, | E )

1 , . .
= EEcexp(]coct)[exp(]m cos(wgpt +4;)) —exp(5jm cos(wppt +¢;)) |-
Furthermore, the optical signals output by the third and fourth parallel polarization
modulators undergo m-phase shifting before being coupled with the optical signals from the

first and second parallel polarization modulators, and then injected into a polarizer with a

polarization angle of -1t/4. The output optical wave signal after Pol can be described as:

[exp(jm cos(wpgt )) —exp(-jm cos(coRFt))}
[ exp(jm cos(wgpt+37/7))

! | —exp(-jm cos(wRFt+37z/7))}

E,u(t)= %Ecexp(jwct) N [exp(jm cos(wgpt+27/3))

| —exp(-jm cos(wgpt+27/3))

}exp(jﬂ)

[exp(jm cos(wgpt+237/21))
+

(8)

| —exp(-jm cos(wRFt+23ﬂ/21)J exp(j7)

sin[ m cos(wgpt) | +sin| m cos(wgpt+37/7) | }

= JE 0t
JEcexp(jo ){—sin[mcos(wRFHZﬂ/B)]—sin[mcos(coRFt+237z/21)]
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By applying the Jacobi-Anger formula and expanding the above equation, we obtain:

sin[ m cos(wpgt ) |+ sin| m cos(wppt+37/7)| }

E t)=JE ot
out (£) = JEcexp( e ){—sin[mcos(wRFt+27z/3)]—sin[mcos(a)RFt+237z/21)]

—ZZ )" Jan_1 (m)cos[ (2n—1) wggt,; |
—22 )" Jan—1(m)cos] (2n—1)(wgpt+37/7)]

= jE.exp(jo,t)
+ZZ )" Jan_1 (m)cos[ (2n—1)( wppt+27/3)]

+22 )" Jan_1(m)cos[ (2n—1)( wgpt+237/21)]

{ J1( )cos[wRFt]+]3(m)cos[SwRFt]—]S(m)cos[SwRFt]}
+J7(m)cos[7wgpt | +
J1(m)cos| wgpt +37/7]+]3(m)cos[3wppt + 7 + 21 /7]
{]5 m)cos|[Swppt + 277 + 71/7 4], (m) cos| Twgpt + 37 |+ }
. ) —J1(m)cos[wgpt +27/3]+]5(m)cos[3wgst + 27|
=) —{—J5(m)cos[5wppt + 37 + /3]
+J7(m)cos[7wgpt+4m + 27t /3] +-
m)cos|wppt +237/21]+]5(m )cos[SwRFt+37r+27r/7]
)

—4—Js(m cos[SwRFt+57z+107r/21]

+J;(m)cos|7wgpt+77 + 27 /3] +-
—cos[wRFt —cos| wgpt +37/7]
+cos[wRFt +27r/3]+ cos| wppt + 237:/21]}
cos[3wppt | +cos[3wppt + 7 + 277/7] )
sl {—cos[SwRFt + 277 cos[3wpgt + 37 + 27:/7]}
=—j2E exp(jo,t) e (m){—cos[SwRFt] +cos[5wppt +37 + 7/3] } :
—cos[Swppt + 277 + 71/ 7]+ cos[Swppt + 57 +107/21]

(
(
(
(
(
~J1(
(
(

cos|7wppt | +cos|7wgpt +37]
+J7(m)< —J, (m)cos[7wppt+4n + 21r/3]
—cos|7wppt+77 + 27 /3]

Due to the fact that
{cos[3wppt | +cos[3wgpt + 7 + 27/7] — cos[3wppt + 27 | - cos[3appt +37 +27/7]} = 0
{cos[7appt]+cos[Toppt +3m] — J;(m)cos| Twgpt+arn + 21 /3] - cos|Tawppt+7m +27/3]} =0,

the 3rd and 7th order optical sidebands tend to zero at the point at which the modulation
index is equal to 3.83 (Fig. 2). Therefore, the output light wave can be represented as:
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. +cos|wgpt +27w/3]+ cos|wppt +237/21]
E oyt (£)=— j2E,exp( jo 1) RF (10)

+/50"){

Jy(m {—cos[wRFt]—cos[wRFt+37z/7] }

—cos[5wgpt ]|+ cos[5wpgpt + 37 + /3]
—cos[Swgpt + 277 + 71/7 ]+ cos[ Swggt + 57 + 107 /21]

===Jy(m)
= J5(m)

J5(m)
= = Jm)

L L I

0 1 2 3 3.834 5 6 7
m

Fig. 2. Dependences of the first type Bessel function on the modulation index.

Fig. 2 shows the graph of the expansion of the first type Bessel function. It can be seen from
the graph that when the modulation index is 3.83, the first-order function tends to zero. By
adjusting the amplitude voltage of the RF drive signal, the modulation index can be
controlled to make the modulation indexm =3.83. Then, the first-order optical sideband

11 (m) ~0, and the output light wave contains only the 5th-order optical sideband.
Therefore, the final output light wave signal can be written as:
—cos|[Swppt | — cos[5wgpt + /3]

—coS[Swppt +71/7] - cos[Swpgt +107/21]
. exp(jszFt)[l + ej% + ej% + ejm”zl}

+eXp(_j5“’RFt)[1 + ej% + ej% + ele%J

=JE, [1 ve' v 4 ejlo%d{e"p(f(a’c +5pe )t )+ exp(J (@, — 5w )t )}

From Eq. (11), it can be seen that the output light wave only has a 5th order sideband, which

Eouta)=—12Ecexp<jwcr>/5<m>{

= JE.exp(jo.t)]s( (11)

can be further described as
Eou(t)= A[]S (m)exp(jot+ jSwppt)+ J5(m)exp( jo.t — ijRFt)] , (12)

j j 10
where A= jE_[1+ el% + el% +e %1] is the amplitude of the output light wave.
Next, the light wave is injected into the PD for square law detection, resulting in a millimeter
wave signal with a frequency ten times higher, which can be described as:
2
Ipp(6) ¢ R[Eqy (¢)
=RA2J2;(m)cos(10wggt ).

(13)

Here, R represents the responsivity of the PD.
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3.Simulation results and analyses

To demonstrate the accuracy of the proposed mm-wave signal generation scheme, a simulation
model was built on a simulation experiment platform based on the principle shown in Fig. 1. The
parameter settings for the main components in the simulation are listed in Table 1.

Table 1. Main components parameters present in simulation

Parameters Values
The center frequency of the CW laser 193.1 THz
CW laser linewidth 10 MHz
Power of CW laser 20 dBm
RF 10 GHz
Modulation index 3.83
Phase shift of EPS1 3n/7
Phase shift of EPS2 2m/3
Phase shift of EPS3 23m/21
Angle of PC n/4
Angle of Pol -m/4
Responsivity of PD 1A/W
Dark current of PD 10 nA

A CW laser operating at 193.1 THz emits an optical wave. Adjust the angle of the PC to
/4 to generate linearly polarized light. Then, the linearly polarized light is split into four
paths by a beam splitter. Use a sinusoidal signal with a frequency of 10 GHz as the input RF
signal to drive four polarization modulators. The electrical phase offsets of PolMs numbered
1 to 4 loaded through EPS are 3n/7, 2n/3, and 231/21 rad, respectively. Finally, the signals
are combined at an optical coupler and passed through a Pol to obtain the desired 10-fold
multiplication of the frequency.

e ) -3 t3
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= £’
o) m
° (=1 ° =1
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Fig. 3. The output optical spectrum diagrams obtained after (a) PolM1, (b) PolM2, (c) PolM3, and (d) PolM4.
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The optical spectra obtained at different outputs are shown in Fig. 3. Examining each
panel, such as (a), (b), (c), and (d), it is clear that there are +3rd, +5th, +7th, and +9th order
optical sidebands. Because the power of the 9th order and higher is low, it can be ignored.

The optical spectrum is shown in Fig. 4. It can be seen that the optical wave consists of
two main *5th-order optical tones with a frequency spacing of 100 GHz, while other
undesired sidebands, except for the 1st-order sidebands, are nearly suppressed. The fifth-
order sidebands are 63.6 dB higher than the 1st-order sidebands, which is the optical
sideband suppression ratio (OSSR).

-30

Power, dBm
-50

-70

I
+

-90

192.8 1929 193 193.1 193.2 193.3 193.4
Frequency, THz

Fig. 4. The output optical spectrum diagram obtained after Pol.

The RF spectrum of the generated frequency 10-tupling optical mm-wave is shown in
Fig. 5. We can see that the desired 100 GHz mm-wave signal is generated, and the spurious
waves appear at 40 GHz and 60 GHz due to the presence of undesired +1st-order sidebands.
Nevertheless, the power of the 100 GHz mm-wave signal is 56.9 dB higher than that of the
40 GHz or 60 GHz mm-wave signal, which is the RFSSR.

-20

-40

RFSSR=56.089dB

Power, dBm
-60

-80

-100

100 200
Frequency, GHz

Fig. 5. The spectrum of the generated mm-wave signals with a 10-fold increase in frequency
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The above theoretical principles and simulations assume that all controlled parameters
are ideal values. However, in real experiments, achieving precise component operation is
very challenging, which can impact the performance of the mm-wave signal. Several factors
mainly contribute to the degradation of the 10-tupled signal. These include bias-voltage drift
in the PolMs, an undesirable modulation index, and limited extinction ratios in the PolMs.

The modulation index, m, is used in this article as described above. Therefore, the
modulation index is directly proportional to the voltage of the sine generator. When the RF
source voltage deviates, the modulation index also deviates, leading to a deterioration in the
quality of the generated millimeter-wave signal. The influence of modulation index on OSSR
and RFSSR is shown in Fig. 6 and Fig. 7. From Fig. 6, it can be clearly seen that when the
modulation index is 3.83, which means no deviation in the modulation index, OSSR and
RFSSR reach their maximum values, making it the most suitable value for the modulation
index. As the modulation index shifts, the values of OSSR and RFSSR decrease until the
modulation index deviates by 1.5%, which is the maximum acceptable error range.

70+ 70-
60+ H 60+ R
50+
504 -
5 = 401
o
Z 40- :
g £ 30
304
/1: t\ 20_
3+ *. &«
207 t/ \t 104 A/A/ A\A\A
*— e
10 T T T T T T T , 0 T r T r T . . )
-20 -15 -1.0 -05 0.0 05 1.0 15 20 -20 -15 -1.0 -05 00 05 1.0 15 2.0
Modulation index deviation, % Modulation index deviation, %
Fig. 6. The impact of modulation index deviation Fig. 7. The impact of modulation index deviation
on OSSR. on RFSSR.

4.Conclusion
In conclusion, this paper presents a frequency 10-fold mm-wave signal generation scheme

based on polarization modulation and optical sideband selection, addressing the critical need
for high-frequency, high-capacity wireless communication systems. The proposed method
effectively removes unwanted harmonics by precisely controlling polarization angles, phase
shifts, and modulation indices, resulting in a clean 10th-order mm-wave signal. Simulation
results confirm the scheme's accuracy and feasibility, demonstrating high OSSR and RFSSR
values. Overall, the introduced 10-fold mm-wave signal generation scheme represents an
advancement in wireless communications.
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AHomayis. Y yiii po6omi npedcmasieHo demabHUll aHA1i3 NPOEKMYBAHHS Ma pe3yabmamu
MO00esB8aAHHS CcXeMu 2eHepayii cueHaay Misimempogozo 0ianasoHy (MM-x8ujb) 3
JdecsimuKpamHuM MHOXCEHHSIM YACmomu, Wo r'pyHMyeEMuvCsl Ha hoAspu3ayitiHiii Modyaayii ma
gubopi onmuyHux 6iYHUX CcMye. Y cy4acHux cucmemax 6e30pomogoz20  38’3KY
cnocmepiedemuvcsi cmaje 3pOCMAHHI NONUMY HA BUCOKOYACMOMHY, 8UCOKONPONYCKHY ma
HU3bKOBMpPAamHy nepedayy cuzHajig. TexH0.102i9 MM-X8U/b, sika (PYHKYIOHYe y dianasoHi
30-300 I'Ty, po3easdaembes IK nepchekmuesHe pilleHHs 3a8051KU WUPOKIl cMy3i nponycKaHHs
ma eucokill weudkocmi nepedaui daHux. BodHouac zeHepayisi cmabiibHUX ma cnekmpa/ibHo
YUCMUX MM-X8U/AbOBUX CUZHA/I8 HA 8UCOKUX 4ACMOMAX, 30Kpema HA KPpamHuxX 2apMOHIKaX
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6a3o0e0i padiouacmomu, cynpo8odxcyemsvcst 3HAYHUMU MEXHIYHUMU SuKAuKamu. TpaduyiiiHi
Memodu NpsMO20 MHONMCEHHS YAcmomu XapakmepusyrmbCsi HU3bKOW egdekmugHicmio
nepemeopeHHs, CKJAAOHOK CXeMOMEXHIKOW Mda YMEOPeHHSM HebaMcaHuX 2apMoHiK. [las
Nodo/aHHS YUX 06MeNHCEeHb Yy 3aNPONOHOBAHIT cXeMi BUKOPUCMAHO NOASAPUIAYITHY MOAYASYil0
ma onmuyHy @irbmpayio 6iYHUX cMy2, WO 3a6e3nevye BUCOKONOPsiOKO8e MHOMNCEHHS
yacmomu 3 NOKPAWEHUM NpPUudyweHHsIM No6iuHUX KomnoHeHm. PospobaeHutll memod
nepedbauae 3acmocy8aHHs Ja3zepa 3 6e3nepepeéHuUM GUNPOMIHIOBAHHIM, KOHMpOJepie
nossipusayii, noaspuzayitiHux mModyas1mopis, esekmpuyuHux gasodcysavie ma gomodioda das
@POPMYyBAHHS YUCMO20 CUZHAAY MM-X8UAI decsimozo nopsadky. Llasxom onmumizayii Kymie
nossipusayii, gazosux 3cysie ma iHdekcie mModyasyii docseaemovcs efhekmusHe npudyuweHHs
He6axicaHux 2apMoHik. Peaysemamu modeaosarHs nidmeepoxcyromsb movHicms i npakmu4Hy
doyinbHicmb 3anponoHOB8aHoOl cxemu, Npu UbOMY 32eHEpO8AHULl CUZHAJA MiAiMempogoco
diana3zoHy XapakmepusyemuvCsi BUCOKUM KoePiyieHmom npudyuieHHs: ONMUYHUX OIYHUX CMY2
Ha pieHi 60,04 0b ma koediyienmom npudyweHHss padiowacmomHux 6iyHUX cmyz 56,9 0b.
Ilonpu nomenyiiini gakmopu deepadayii, maki sik dpeligp Hanpyau 3miujeHHs:, HemoOuYHocmi
iHdekcy Mmodyssyii ma ckiHueHHi koediyieHmu 3a2acaHHs NOASApU3AYITHUX MOQJY/151mopis,
3aNnponoHOBAHA cXemMa Modxce po3aasdamucsl SIK hepcheKmueHull nidxid do eeHepayii
BUCOKOYACMOMHUX CU2HAAI8 Minimempo8ozo diana3oHy.

Kawuoei cnoea: zemepayis cueHasie minimempogozo dianazoHy, memod nojsipusayiliHoi
Mo0y/syii, eubip onmuuHoi 6iuHOI cmyeu, 10-kpamHe MHOMCEHHS vacmomu, KoediyieHm
npudywenHs 6iuHoi cMyau padiouacmom, koegiyieHm npudyweHHss onmuyHoi 6iyHoi cmyau
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