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Abstract. This paper presents a scheme for generating 32xfrequency millimeter waves through secondary
modulation without filters, based on five Mach-Zehnder modulators (MZMs). The system is driven by a 5 GHz
radio frequency (RF) signal. Each of the two dual-parallel MZMs contains two MZMs working in parallel. The
first modulation produces an 80 GHz RF signal for the second modulation. After passing through a direct
current blocking module, a cascaded MZM performs secondary modulation to generate +16th-order optical
sidebands. Finally, 32xfrequency multiplication is achieved through the beat frequency at the photodetector.
Theoretical analysis and simulation experiments indicate that the system’s optical sideband suppression ratio
is 53.33 dB, and the RF sideband suppression ratio is 47.98 dB. These consistent results validate the scheme's
feasibility. The impact of non-ideal factors of MZMs on system stability is examined via simulation, and their
tolerable ranges are provided. Lastly, simulation results show that the bit error rate remains below 10-° when
transmitting 2.5 Gbps baseband-modulated millimeter wave signals over 15 km of optical fiber. This scheme
features a simple structure and a high-frequency multiplication factor, offering promising applications in
millimeter wave technology.
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1.Introduction
With the rapid development of video streaming, cloud computing, and the Internet of Things -

especially driven by advances in 5G and upcoming 6G technologies - the need for high-speed,
high-capacity communication solutions is increasingly rising [1]. Traditional wireless systems
operating in low-frequency bands now struggle to keep up with these growing demands.
Wireless communication carrier frequencies have shifted into the millimeter-wave (MMW) and
terahertz (THz) ranges [2-5]. In recent years, the MMW and THz bands have attracted attention
because of their abundant frequency resources and are seen as strong drivers for 5G/6G [6,7].
Traditional electrical-domain millimeter-wave generation methods are limited by the bandwidth
of electronic devices, making it difficult to generate MMW signals with frequencies above
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100 GHz [8]. However, generating MMW in the optical domain can effectively overcome this
limitation and provides advantages such as flexible frequency tuning and easy integration with
optical fiber networks, making it a key technology for MMW generation. Currently, the main
methods proposed for producing MMW in the optical domain include direct modulation [9],
optical heterodyning [10], external modulation [11-14], mode-locked lasers [15], up-conversion
modulation [16,17], stimulated Brillouin scattering (SBS) [18], and four-wave mixing (FWM)
[19]. Although direct and up-conversion modulation have simple structures, the frequencies of
the generated signals are limited. Schemes using FWM and SBS technologies to generate MMW
have complex structures and limited frequency multiplication factors (FMFs). Among these, the
external modulation method offers advantages such as a high modulation bandwidth, high
tunability, high-frequency responsiveness, high spectral purity of the generated signals, and good
system stability, making it the primary method for generating optical millimeter waves. External
modulators are typically used with filters or wavelength-selective switches to achieve frequency
multiplication effects, such as 2x [20, 21], 4x [22, 23], 6x [24, 25], and even 8x [26]. However,
generating higher-frequency MMW requires more complex schemes that utilize higher-order
harmonic frequencies. Additionally, these schemes demand optical filters or wavelength-selective
switches to be adjusted to different frequencies based on actual conditions to satisfy varying
frequency requirements, which significantly limits the tunable range and adaptability of the
generated signals. In Ref. [27], a new method for producing 6x MMW using a dual-parallel Mach-
Zehnder modulator (DPMZM) is proposed, with a maximum output power of 32 dB and a simple
structure, but it features a low-frequency multiplication factor. Ref. [28] achieves filter-free
12xfrequency multiplication based on two parallel Mach-Zehnder modulators (MZMs), further
increasing the multiplication factor, but the spectral purity of the generated signal is low. Ref. [29]
proposes a 16xfrequency multiplication scheme using an MZM for secondary modulation,
followed by cascading a fiber Bragg grating (FBG). Still, the presence of FBG increases system
complexity and significantly reduces its tunability. Similarly, Ref. [30] achieves 40x frequency
multiplication using a DPMZM cascaded with an MZM and a Bragg grating (FBG). Although the
generated signal has high purity, the FBG reduces the system's tunability. Ref. [31] proposes a
filter-free scheme for generating 18x MMW using three cascaded MZMs, with an optical sideband
suppression ratio (OSSR) and radio-frequency sideband suppression ratio (RFSSR) of 31.5 dB and
32.02 dB, respectively, but the purity and multiplication factor of the MMW signal still need
improvement. Ref. [32] presents a filter-free 24x MMW generation scheme based on two
cascaded DPMZMs, but the RESSR is only 26 dB. Refs. [33,34] propose a structure using eight
parallel MZMs to generate 32x MMW, but excessive modulators lead to high losses, severely
reducing signal power and sensitivityRef. [35] proposes a filter-free 32xMMW generation scheme
using four DPMZMs, but OSSR is only 40 dB. Ref. [36] proposes a filterless 32-fold frequency
MMW generation scheme using two cascaded dual-parallel DPMZMs. The simulation experiment
results of its OSSR and RFSSR are 53.53 dB and 47.33 dB, respectively. However, it requires the
use of polarization devices, which can affect reliability in actual deployment.

To compare our method with other MZM-based methods, we list the main parameters
in Table 1. To address the issues mentioned above and enhance the system's frequency
multiplication factor without compromising its tunability, this paper proposes a scheme for
generating 32x high-purity MMW through secondary modulation of signals using five MZMs,
without any filters, and analyzes how parameter variations affect system performance. The
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paper is divided into five sections. The second section introduces the scheme's structure and
principles. The third section presents simulation experiments to explore the influence of
various non-ideal factors on system stability. The fourth section verifies the system's
transmission performance. Finally, the fifth section concludes the paper.

Table 1. Comparison of the proposed methodology with previously reported works.

Ref. Architecture FMF OSSR,dB RFSSR,dB
[27] Used an integrated dual-polarization 6 38 32
modulator
[28] Used two nested MZMs 12 37 38
[29] Used three cascaded MZMs 16 54.86 47.9
[30] Used a DPMZM cascaded with an MZM 40 25.61 20
[31] Used three cascaded MZMs 18 31.5 32.02
[32] Used two cascaded DPMZMs 24 33 26
[33,34] Used eight parallel MZMs 32 61.42 55.27
[35] Used two parallel DPMZMs and two 32 40 46
cascaded DPMZMs
[36] Used two cascaded dual-parallel 32 53.53 47.33
DPMZMs
Proposed inthe = Two Dual-Parallel and One Cascaded 32 53.33 47.98
present work MZMs

2.Structural design and program principles of MZM-based generation of
32-tupling MMW
2.1. Structure of the setup

PD1
Al _
SplitterL

CW-Laser

PS7X MZM4 |
P

@ ) © (@) 160 © . D 5o

J12 -8 -4 +4 +8  +12 /1 +4 +12| -5 +8

Fig. 1. Schematic diagram of the 32x frequency multiplication scheme for millimeter-wave generation.
PS - phase shifter; OA - optical amplifier; PD - photodiode; Splitter - optical beam splitter; OC - optical
coupler (the DC block prevents DC signals from passing through while allowing high-frequency
millimeter-wave signals to transmit without attenuation). In the insets: diagram (a) shows the output
spectrum of DPMZM1, diagram (b) shows the output spectrum of DPMZM2, diagram (c) shows the
output spectrum of the first modulation, diagram (d) shows the 80 GHz millimeter-wave signal
generated by the first modulation, diagram (e) shows the output spectrum of the second modulation,
and diagram (f) shows the 160 GHz millimeter-wave signal generated by the second modulation (16f
and 32f are abbreviations for the 80 and 160 GHz millimeter-wave signals, respectively).
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Fig. 1 shows the schematic diagram of a system based on two dual-parallel and one
cascaded MZMs. The system includes a continuous-wave laser (CW laser), an RF sine
generator, eight electrical phase shifters (PSs), MZMs labeled as MZMi (i = 1, 2, 3, 4, 5), an
optical beam splitter, an optical coupler, a DC block, OAs labeled OA1 and OA2, and two
photodetectors (PD1 and PD2). Four of the MZMs are divided into two groups; each group
has two parallel MZMs, which function as two DPMZMs connected in parallel. The initial
phase difference between the RF signals of MZM1 and MZM2 (in DPMZM1) is 1/2, the phase
difference between MZM3 and MZM4 (in DPMZM2) is /2, and the overall phase difference
between the RF signals driving DPMZM1 and DPMZM?2 is t/4. The optical wave from the CW
laser is injected into DPMZM1 and DPMZM2, where it is modulated by the RF drive signals.
The outputs from DPMZM1 and DPMZM2 are +4th, +8th, and +12th-order optical sidebands,
which are combined by the optical coupler to isolate only the +8th-order sidebands. OA1 first
amplifies these optical signals and then injects them into PD1 to generate 80 GHz RF signals.
These RF signals are then separated from DC by a DC block and used as the RF drive signal
for MZM5. A CW laser supplies the optical carrier for MZM5. The MZM5 outputs +16th-order
optical sidebands, which are amplified by OA2 and fed into PD2 to produce a 160 GHz
electrical signal - 32 times the original RF frequency of 5 GHz.

2.2. Theoretical derivation procedure

2.2.1. First-order modulation principle. The optical wave from the CW laser can be expressed
as:E;, =Ejexp(jo.t), where E;, and @, are the amplitude and angular frequency of the
optical carrier, respectively. The RF drive signals loaded on the two arms of the MZM
areV; =Vppcos(wggt ) and V, = Vi cos(wggt ), where Vg and gy are the voltage amplitude
and angular frequency of the RF signals, respectively. Assuming that both MZM1 and MZM?2

operate at the maximum transmission point (MATP) and the initial phase difference of the
RF drive signals between the two MZMs is /2. The output of MZM1 can be expressed as:

Eyiz = aEOej[wnHmcos(wmt)]
+aEOej|:wn”m cos(m,t+7)]

- aEOel'wo{ S g, (m)eino,t 1+ (-1)"}} (1)

n=—

:aEOe]'wnt2|: i (_1)”]2n(m)ej2nwmt:|

n=—w

In Eq. (1), m= V‘;/—Fﬂ is the modulation index of the MZM, V is the half-wave voltage of

T

the MZM, « is the loss of the MZM, and J,(m) is the first-type Bessel function. The Jacobi-

Anger expansion ejxcost = Z jnj,(x)e’ is utilized in Eq.(1). The output of MZM1 is +2n

n=—oo
order optical sidebands, where n is an integer. By setting the initial phase of the RF drive
signal loaded into MZM2 to have a delay ¢1 with respect to the initial phase of MZM1, the
output signal of DPMZM1 can be expressed as follows:
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EDPMZMI = EMZMl + EMZMZ

=aEOel'wo{ i (—1)1 5, (m)ejznot + i (—1)"]2n(m)ej2n(wmf+<ﬁl)}. )

n=— n=—w

=(1E0€jwnt|: i (_1)”]2n(,«n)ejZna)mt(l_;_ejzn(p1 ):|
n=-—o0o

When ¢, =7 /2,[1+ej2(x/2)]=[1+(-1)"], we can see that in Eq.(2) only the even light

sidebands are preserved and the odd sidebands are suppressed; accordingly, Eq.(2) can be
simplified as follows:

Eppyzmi = anejwnt4‘|: > Jan (m)ei4”wmf} . (3)

n=—o0o
Thus, the output of DPMZM1 consists of +4n order optical sidebands.
Since DPMZM1 and DPMZM2 have the same structure, by setting the initial phase of the
RF drive signal loaded into DPMZM2 to have a delay ¢, relative to the initial phase of
DPMZM1, the output signal of the two parallel DPMZMs is

Eouer = Eppmzm + Eppmzmz

= ane]wnf4|: Z ]4n e]4-nw t 4 Z ]4n e]4n(a) t+(pz):| . (4)

Nn=—00 n=—o0

—anejwt)t4|: D" Jan(m)ejtno,t(1+ejne, )}
n=—wo
When ¢,=7/4, [1+ej#(x/49]=[1+(-1)"], we can see that only the even light

sidebands are preserved in Eq.(4) and the odd sidebands are suppressed; accordingly,
Eq. (4) can be simplified as follows:

E = anefwot8|: Z ]8n elgnw f}

n=—

Jo(m)+ J_g(m)e-iBe,t + Jg(m)esBe,t
+]_16(m)e-J160,t + 1 o (m)ejl6ot +..,

= aEgeiot8[ Jo(m)+2]g(m)cos(8w,t)+2]14(m)cos(16am,t)+... ]

= anejwnt8|: [5)

In Eq. (5), harmonic terms for n = 2 are relatively small and can be neglected.
After being combined by an optical coupler, DPMZM1 and DPMZM2 mainly output 0, +8,
and *16 order optical variable bands. According to the Bessel function of the first kind, when

m = 8.6550877606, Jo(m)and J;4(m) reach their minimum values while Jg(m) reaches its

maximum value, and the Oth-order optical sideband as well as the +16th-order optical
sidebands can be well suppressed. When m=8.6550877606, [,(m)=3.453x10-4,

Jg(m)=0.2819, J;45(m)=0.0002317 and since J,(m) and J;5(m) are too small to be
neglected, then Eq. (5) can be simplified as follows:

E g1 = 16aEgeiot [ Jg(m)cos(8wpt)]. (6)

Therefore, the outputs of these two groups of MZMs are +8th-order optical sidebands. When
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the outputs of the two groups of MZMs are input to PD1 to realize photoelectric conversion,
the output of PD1 can be expressed as:

2
OCR|Eout1| _Raz{EOe]wt2|: Z ]8n 918nw t:|}

2. 5 2
[lO(m) +2 Ja(m)"+ ]cos(owmt)
2J16(m)" +2/34(m) J24(m)
=Ra2E§4 +2{2]0(m)jg(m)+2]8(m)]16(m) }cos(&omt)
+J16(M) J24 (M) + J24(m) J16(m)
+2[ 2)o(m)J16(m) + J§ (m) +2Jg(m) J 4 (m) Jcos(L6e,t)
+2[ 2]o(m) J24(m)+2Jg(m) J14(m) ] cos(24am,t ) +
where n=0, 1, 2, 3, and R is the responsivity of PD1.
Since, ]24(m)=1.402x10—9 and is too small it can be ignored, then Eq.(7) can be

: (7)

simplified as follows:
I(t) oc Ra2E2y]%(m)cos (16wt ) o< J&(m)cos(16w,,t)

(8)

According to the definition of OSSR:

2
Jg(m)
OSSR(p, /py =10log [[m =58.23dB.. (9)
0 m=8.655
According to the definition of RFSSR
2
2 +J2(m)+2
RFSSR =10log 2 2Jo(m) 1 (m) + J&(m) + 2Jg (m)]“(m)}} =55.68dB. (10)
2[2)4(m) Jp4(m) +2]g (m) J16(m)]

2.2.2. The principle of the second-order modulation. The 80 GHz RF signal obtained from the
first modulation and the optical signal generated by the CW laser are used as the RF drive
signal and the optical wave, respectively, for the second modulation. They are both injected
into MZM5 for the second modulation. By setting the MZM5 to operate at the minimum
transmission point, the output signal from the MZM5 can be represented as:

Eyzms = a%[ei@ +ele |

i i (Vier +J2(m)cos(16w,£+6,)) i (Voeat J2(m)cos(16w,£+6,))

— a;,'n e V7r +e V7r
oE. | J7 @+Mcos(l6wmt+al) jr @+Mcos(l6wmt+02)
=% V., +e LV. V.
2
i Vncl _Vncz : ]é (m)
VootV || 77 750 17:Tcos(16wmt+61)

_aB, JN | @ e - (11)

_jﬂ[w} Ji{m )cos(16w t+06,)
+e w, "y,
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ein(16w,t+0,) 4
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[ee]\V)
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A VetV
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=—20"npeg 7

2 in Voer Voes Ineasoo 9 jn(16w,t+6,)
e’ ( 2, j > (j)"]n[”fs(m)J

; Vnc1+Vnc2 n=+o0
=a—E""eﬂ[T} > (f)”fn[”jé(m)}f"“ﬁwmf) (11)

nh=—x0 T

(continued)

,n(61+62) jr Vncl_Vncz ,n(Hl—Hz) —jr Vncl_Vncz ,I’I(@l—@z)
J V. ! P P

xe 2 e 7 2 +e n

i Vnc1+Vnc2 n=+oo . 0+6, r
ak, 1”[ N Jjn| 16, t+-1-——2+=
=Lng 2V, z I ( K)e 2 2

2 n=—o

- 6, - 6.
><COS|:7Z'[VD61 VDCZJ+n( 1 2)}

2V 2

T

where 0, and 6, are the phases of the upper and lower arms of MZMS5, respectively, and Vpc1
and Vpc; are the voltages of the upper arm and the lower arm of MZM5, respectively. When

Vi(t)=J3(m)cos(16w,t +6;), Vy(t)=J3(m)cos(16w,t +6,), oy =nVi(t)/V,,
() =7Z'V2(t)/V,r ) K =7Z']§(m)/V,r when 91 —92 =-, VDCl =4V ) VDCZ =0V the Eq (11) can
be simplified as follows:

-En:+oc ] _1
Evzms =aTE'"€]2 Z ],,(K)em(lewmtm)co{(” - )”}

n=—w

2], (K)cos(16wmt+ b —%) + 2]3(K)c053(16a)mt +7 —%)— - (12)

2 2/s (K)c055(16a)mt +7 —%)
From Eq. (12), it can be seen that the main components of the MZM5 output signal are the
+16th order, +48th order , and +80th order sidebands, whose amplitudes are related to

Ji(K), Js(K)and  Js(K).  J;(0.221403742)=0.1118, J5(0.221403742)=0.0002  and
J5(0.221403742)=1.285x10-7, so the +16th order sidebands are the main sidebands. In

Eg. (12), when n is even, the cosine terms are all zero, so n can only take odd values. When n
=1, +16th-order optical sidebands are generated; when n = 3, +48th-order optical sidebands
are generated; and when n = 5, +80th-order optical sidebands are generated.

According to the definition of OSSR, we can get:

2
OSSR =10log [Mj =54.9dB. (13)
(K)

3

By injecting +16th order, +48th order, and +80th order sidebands into PD2 for
photoelectric conversion, the output of PD2 can be expressed as:

04038 Ukr. ]. Phys. Opt. 2025, Volume 26, Issue 4



Mechanism for 32-Fold Frequency

2
T N=+00 _
1(t) < RlEpzus| =1’?052{%e]72r )3 /n(K)el'"(16wmf+”)cos{(n 21)71}

2[-J3(K)~J3(K)~ J3(K)]
+2{]%(K)+2]1(K)]3(K)+}cos(32a) t+£)
2J3(K)Js(K) "2

-2[-2J,(K)J3(K)-2]1(K)Js (K)]cos(64comt +%) +

, (14)

=Ra2Ei2n

2[2J1 (K)Js(K)+ 3(K) Jeos( 960+ 2|

—4]3(K)]5(K)cos(128a)mt +%)
where R is the responsivity of PD2, J;(0.221403742)=0.1118, J5(0.221403742)=0.0002 and
J5(0.221403742)=1.285x10-7. Formula (14) can be simplified as follows:
E? P
I(t)ocRaZT’”]%(K)cos(SZwmt+E). (15)
According to the definition of RFSSR

J3(K) +2],(K)5(K) +2]5(K)J5(K)
2[-2J1(K)J3(K) - 2]1(K)J5(K)]

2
2
RFSSR:lOlog( [ }J =48.96dB. 16)

3.Simulation experiments
The accuracy of the scheme is demonstrated through mathematical calculations and will be

further confirmed by simulation experiments. First, the system's schematic diagram is
constructed on the simulation platform OptiSystem based on Fig. 1. Second, the parameters
for each component are set according to the results of theoretical derivation. The effects of
parameter variations on the system's stability under non-ideal conditions are examined
through simulation. MZM1~MZM4 operate at the maximum transmission point, while MZM5
operates at the minimum transmission point. The parameter settings for each component in
the simulation system are listed in Table 2.
Table 2. The main parameters used in the simulation.

Devices Parameters Values
1 2 3
Frequency 193.1 THz
CW Laser line width 10 MHz
Power 20 dBm
Sine generator Frequ.ency 5 GHz
Amplitude 11.02V
PS1 Phase shift 90°
PS2 Phase shift 45°
PS3 Phase shift 90°
PS4~ PS8 Phase shift 180°
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1 2 3
0A1l Optical amplifier 23dB
0A2 Optical amplifier 10dB

Half-voltage 4V
MZM1~MZM4 Extinction ratio 60 dB
Insertion loss 5dBm
Half-voltage 4V
MZM5 Extinction ratio 80 dB
Insertion loss 5dBm
PD Responsivity 0.6 A/W
Dark current 10 nA

3.1. System output spectrum analysis. Fig. 2 shows the output spectrograms of DPMZM1 and
the first modulation; from Fig. 2a, it is clear that the variable light bands output from
DPMZM1 contain only #4th order, +8th order, and +12th order sidebands. From Fig. 2b, it is
evident that when the phase difference between the RF drive signals of DPMZM1 and
DPMZM2 is 45° the #4th-order and +12th-order optical sidebands are effectively
suppressed. Only the +8th-order optical sidebands remain, with an OSSR of 57.97 dB, close to
the calculated value of 58.23 dB.

Fig. 3 displays the signal spectra from PD1 and MZMS5. As seen in Fig. 3a, the spectrum
from PD1 has a frequency of 80 GHz, which acts as the RF drive signal for MZM5, with an RF
SSR of up to 54.96 dB. In Fig. 3b, the optical sidebands output by MZM5 are mainly the

10
0 B 48
-20 - -
£ g
- =]
5.'; -40 ’q-; 5
g g
[ [
-60 4 -
-80
192. 8 192.9 193. 0 193. 1 193.2 193.3 193. 4 h 192.8 192.9 193. 0 193. 1 193.2 193. 3 193.4
Frequency, THz Frequency, THz
(@ (b)
Fig. 2. (a) DPMZM1 output spectrum. (b) First modulation output spectrum.
0
201 0GHz

-20

[}

54. 96dB

53.33dB
-40 -

?ower, dBm

!

+48
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1

-80

1 T T T T T
0 50 100 150 200 250 300 192.8 192.9 193.0 193. 1 193. 2 193.3 193. 4

Frequency, GHz Frequency, THz

(a) (b)
Fig. 3. Output spectrum of PD1 after detection (a) and output spectrum of MZM5 (b).
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+16th-order and +48th-order sidebands, with an OSSR of 53.33 dB. Fig. 4 shows the output
spectrum after PD2 detection. From Fig. 4, it is clear that PD2 detects the +16th-order optical
sideband from MZMS5, producing a 160 GHz signal with an RFSSR of 47.98 dB. This scheme
achieves generation of a 32-times frequency-multiplied millimeter-wave signal using two
double-parallel MZMs and one cascaded MZM, with fewer external modulators than
reference [33].

_204 160GHz

!

1

1

-40 !
47.98aB1
I

'

1

1

I

!

Y

-60

Power, dBm

0 50 100 150 200 250 300
Frequency, GHz

Fig. 4. Output spectrum after PD2 detection.

3.2. Impact of non-ideal factors on signal performance.In the theoretical derivation process and
simulation experiments above, the device parameters are analyzed based on theory and assumed to
be ideal. However, in real-world engineering applications, limitations in the device fabrication
process and the influence of the surrounding environment cause these parameters to deviate from
their ideal values. This deviation inevitably affects the OSSR and RFSSR of the generated signals.
In this paper, we examine how the OAl gain, the half-wave voltage, the extinction ratio, the
modulation index, and the DC offset drift influence the OSSR and RFSSR of the signals, and we
determine the tolerance ranges for each parameter bias under various factors.

3.2.1. Effect of OA1 gain. The gain of OA1 influences the amplitude of the 16th harmonic of the
RF signal generated in PD1, which in turn affects the modulation index of the second
modulation and consequently impacts the OSSR and RFSSR of the generated signal. The
system is designed with OA1 gain set to 23 dB. The relationship between OSSR, RFSSR, and

60 0OAl1 gain is derived from scan

OSSR
—e—RFSSR ) ]
504 Fig. 5, where the gain varies between

11dB and 35 dB. When OA1 gain is
401 10 dB below the design value (a
deviation of 43.48%), the OSSR drops
30 1 to 52.29 dB and RFSSR decreases to
15.14 dB. Conversely, when itis 10 dB
201 above the design value (same

parameter experiments shown in

Suppression ration, dB

deviation percentage), the OSSR
10 reduces to 15.2 dB and RFSSR falls to
? A L8 i o =z = 2 21.56dB. In both cases, the
The gain:of 0A1,.dB performance requirements for the

Fig. 5. OSSR and RFSSR versus gain of OA1. public transmission link are still met.
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3.2.2. Effect of Half-Wave Voltage of MZM5 on System Stability. The design value of the half-
wave voltage for MZM5 in the system is 4 V. When the half-wave voltage of MZM5 varies
between 2.5V and 7.5V, the relationship between OSSR, RFSSR, and the half-wave voltage is

determined through sweeping parameter experiments, as shown in Fig. 6.
When the half-wave voltage of MZM5 increases from 2.5V to 4V, the OSSR rises from
20.24 dB to 53.33 dB. When it then increases from 4V to 7.5V, the OSSR decreases from
60 53.33dB to 31.92 dB. If the half-

OSSR _
—e—RFSssrR| Wave voltage is 1V lower than the

50 design value, meaning a 25%
deviation, the RFSSR is 17.41 dB.
40 Conversely, if the voltage exceeds
the design value by 25V,
representing a 62.5% deviation, the
RFSSR is 21.04 dB. Therefore, when
20 the half-wave voltage of MZMS5 is
between 25% and 62.5% above or
104 below the set value, the second-

Suppression ration, dB
n

order modulation's modulation

4 5 6 i 8 index will be affected, which in turn
The half voltage of MZM5, V . . .
FAERRRERS impacts the sideband amplitude of

Fig. 6. OSSR and RFSSR versus half-wave voltage of MZM5.  the MZMS5 output.
3.2.3. Effect of modulation index on system stability. The design value of the modulation index
for the first modulation in the system is 8.65. When the modulation index varies within 0.1
below and 0.1 above the design value, the relationship between OSSR, RFSSR, and the
modulation index is determined through sweep parameter experiments as shown in Fig. 7.
When the modulation index is below the designed value of 0.1, the OSSR drops from
53.33dB to 20.86 dB, and the RFSSR decreases from 47.98dB to 13.46 dB. When the
60 OSSR modulation index exceeds 0.1, the
——RFSSR| OSSR decreases from 53.33 dB to
20.17 dB, and the RFSSR drops
from 47.98 dB to 13.57 dB. If the
modulation index falls below
0.075, the corresponding OSSR
and RFSSR are 23.62dB and
16.77 dB, respectively. When it is
above 0.075, they are 23.34dB
and 17.47 dB. Therefore, the
modulation index should not vary

w i o
< (=] (=]
1 1 1

Suppression ration, dB

Do
(=]
1

10 T T T T T
-0.10 -0.05 0. 00 0. 05 0.10

Modulation index m offset in DPMZM1 value, or it will influence the

Fig. 7. Effect of modulation index on OSSR and RFSSRof the ~ sideband amplitude of the first
first modulation output. modulation output.

3.2.4. Effect of extinction ratio on OSSR and RFSSR. Fig. 8a shows how the signal OSSR and RFSSR

change when the extinction ratio varies from 10 dB to 100 dB in DPMZM1 and DPMZM2. It is

more than 87% from the design
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Fig. 8. Effect of extinction ratio on OSSR and RFSSR for the first modulation (a) and for the second
modulation (b).

evident that when the extinction ratio ranges from 10 dB to 60 dB, both OSSR and RFSSR increase
as the extinction ratio rises. Beyond 60 dB, the growth of OSSR and RFSSR becomes very slow.
Fig. 8b illustrates the effect of extinction ratio on signal OSSR and RFSSR in MZM5 when varied
from 30 dB to 100 dB. It can be observed that in the range of 30 dB to 80 dB, the suppression of
the +16th-order optical band for the Oth-order component increases with the extinction ratio,
and OSSR rises gradually once the extinction ratio exceeds 80 dB. At an extinction ratio of 40 dB,
the OSSR and RFSSR are 19.52 dB and 45.86 dB, respectively, meeting transmission requirements.
When the extinction ratio is varied from 40dB to 100 dB, RFSSR increases slowly as the
extinction ratio increases. To ensure high purity of the modulated signal and prevent interference
from spurious modulation, RFSSR should be kept above 40 dB. Therefore, the extinction ratio
should be set above 20 dB whenever possible.

3.2.5. Effect of DC bias of MZM on OSSR and RFSSR. Fig. 9 shows how DC bias affects OSSR and
RFSSR. The impact of DC bias during the first modulation on OSSR and RFSSR is shown in
Fig. 9a, while Fig. 9b shows the effects during the second modulation. It is clear that both
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Fig. 9. Effect of DC bias on OSSR and RFSSR in
modulation (b).
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OSSR and RFSSR decrease as the DC bias drift increases. Additionally, from Figs. 9a and 9b, it
is evident that when the DC bias drift in the first modulation stays within 0.2 V and in the
second modulation within 0.1 V, OSSR and RFSSR stay above 25 dB and 18 dB, respectively,
meeting the transmission requirements.

4.Transmission performance verification
To verify the transmission performance of the proposed 32-fold frequency millimeter-wave

generation scheme, we construct a basic radio over fiber (RoF) transmission link, as shown
in Fig. 10. In this setup, the 2.5 Gbit/s non-null-code baseband data signal is modulated onto
the +16th-order optical sideband using an MZM, and the modulated output spectrum is
shown in Fig. 11a. This signal is then transmitted to PD3 through a single-mode fiber (SMF)
to complete the frequency doubling process, with the output spectrum displayed in Fig. 11b.
The output signal primarily consists of a 160 GHz millimeter wave signal and a baseband
data signal. As shown in Figs. 13 and 14, to evaluate the transmission performance of the
proposed scheme, the variation of bit-error-rate (BER) and Q-factor with received power is
analyzed for back-to-back (BTB) transmission over 15 km.

- )

Base station
®3)

&k =30—_ N
SMF e LEF

Fig. 10. The basic RoF transmission link: BPF - bandpass filter; LPF - low-pass filter; BS - base station;
BERT - BER test; SMF - single-mode fiber; EM - electrical multiplier.

From Fig. 11a, it can be observed that the 2.5 Gbit/s downlink data is modulated onto
the +16th-order sideband. Fig. 11b shows the output spectrum after PD3 detection, where
the main output signal is a 160 GHz millimeter-wave signal modulated with the baseband
data. As illustrated in Figs.12 and 13, to verify the transmission performance of the
proposed scheme, both back-to-back (BTB) transmission and 15-km standard single-mode
fiber transmission are conducted on the 2.5 Gbit/s baseband signal modulated onto the
system-generated millimeter-wave signal. These tests analyze how the signal’s BER and Q-
factor vary with different received optical powers. The baseband signal is detected by a PD3
and then demodulated to measure the BER and Q-factor, using a BER tester at various
received optical powers. The standard single-mode fiber has an attenuation of 0.2 dB/km
and dispersion of 16.75 ps/nm-km. In Fig. 12, it is evident that the BER decreases as the
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received power increases. From Fig. 13, it is clear that the Q-factor improves with increasing
input optical power. Fig. 14 displays the eye diagram after BTB and 15-km fiber
transmission. When the received optical power is -15.3 dBm, the BER reaches 10-7, matching
the BER for the 15 km fiber transmission. Despite dispersion and linear chirp affecting the
16th-order optical sideband after 15km of fiber transmission, the eye diagram still

maintains a good shape.
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Fig. 11. (a) MZM modulation output spectrum, (b) PD3 output millimeter wave signal spectrum.
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Fig. 14. Eye diagrams after BTB transmission (a) and after 15 km of fiber transmission (b).
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5.Conclusion
This paper proposes a new method using five MZMs to generate 32-fold millimeter wave

signals by modulation, aiming to produce 160 GHz MMW signals from 5 GHz signals. The
system's structure is explained in detail, and its feasibility is confirmed through theoretical
analysis and simulation. The system results were optimized by adjusting the modulation
index m of the Mach-Zehnder modulator, the electric phase shifter, and the optical
amplifier's parameters. The simulation results demonstrate that the OSSR and RFSSR of the
160 GHz millimeter waves produced by this method are, respectively, 53.33 dB and 47.98 dB,
aligning with the theoretical calculations. To assess the system's stability, the effects of
various parameter variations under non-ideal conditions were analyzed, including: the
extinction ratios of DPMZM1, DPMZM2, and MZM3 exceeding 40 dB; the deviation of the
modulation index m in DPMZM1 and DPMZM2 being less than 87% of the design value; the
half-wave voltage of MZM3 being at least 25% of the set value and not exceeding 62.5%; and
the gain deviation of OA1l remaining within 43.48% of the design value. Under these
conditions, the quality of the generated MMW signal meets real-world transmission
requirements. Finally, the system's transmission performance was tested over 15km of
single-mode fiber with a BER of 10-17. Therefore, in practical applications, preprocessing of
input modulation signals of different formats is necessary to eliminate phase noise's impact
on transmission performance [38]. The scheme's advantages include a simple structure and
a high multiplication factor, making it suitable for use in current or future communication
systems.
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AHomayis. Y yili cmammi npedcmaesieHo cxemy 2eHepayii MiniMemposux Xe8ub 3 32xKpamHow
4acmomor 3a Jd0noMoz2010 8MOPUHHOI Modyaayii 6e3 @inbmpis, Wo 6asyemvbcsi HA nN'sImu
Mmodyassmopax Maxa-Lendepa (MML]). Cucmema kepyemwvcsi padiouacmomuum (PY) cueHasom
5ITy. Koxcen 3 0dsox nodsiiiHo-napaseavHux MMIL] micmumb dea MML], wo npayworwmb
napaseavHo. [lepwa modysayis cmeoprwe PY-cuenan 80ITy 0das dpyeoi modyasyii Iicas
npoxodiceHHs1 Yepe3 6/10Ky8abHUll MOOY/1b hocmiliHozo cmpymy kackadHuii MMI] sukoHye
8MOpPUHHY MOOY/AAYit0 0451 2eHepayii onmuvHux 6iuHUX cMye *16-20 nopsidky. Hapewmi,
32xMHONMCEHH vacmomu  docsizaembcsi Yepe3 uacmomy 6ummsi Ha ¢@domodemekmopi.
TeopemuyHull aHastiza ma ekchepumeHmu 3 MOOe/aH8aHHS NoKA3ylms, wo KoegdiyieHm
npudyweHHss onmuyHoi 6iuHoi cmyau cucmemu cmaHosums 53,33 db, a koegbiyienm npudyweHHs
PY 6iuHoi cmyeu - 47,98 0B. L]i y3eo0xceHi pesyromamu hiomeepdxcytoms 00YLibHICMb CXeMU.
Bnaue HeideasvHux gpakmopie MML] Ha cmabinbHicms cucmemu docaidxcyemuvcst 3a donomo2or
M00en108aHHS, | Hagodsimbesl ix donycmumi dianazoHu. 3pewimoro, pe3ysmamu MoOea08aHH s
nokasylome, wo koegiyieHm nomuaok 6imie saauwaemocs Husxcve 107° nid uac nepedaui cuzHanie
Minimemposux xeuieb 3i wieudkicmio 2,5T6im/c, mody1bo8aHux y 6a308iil cmysi, Ha 8idcmaHb
15Kkm 8 onmu4HOMy 80/0KHI. L[a cxema mae npocmy cmpykmypy ma KoegiyieHm MHOMCEHHS
BUCOKOI Yacmomu, ujo NPONOHYE NepCneKMuU8Hi 3aCMOCy8aHHs 8 MEXHO/02II MIIMEmMpo8uUx X8UTb.

Karouoei caoea: minimemposa xsuss, modyssimop Maxa-lleHdepa, koegpiyieHm npuz/ayuieHHs
6iuHOi cMyau padiouacmom, koediyieHm npueayweHHs onmuy4Hoi 6iyHOI cmyeu, nepedaua
MiMemposoi Xgu1i N0 ONMUYHOMY 80/10KHY, 32-KpAmMHe MHO}CEHHS Yacmomu
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