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This work demonstrates polarisation-controlled millimeter-wave generation without using
an optical filter. The configuration involves two lithium-niobate Mach-Zehnder modulators
operating in parallel at the maximum transmission bias point (MATP). In the proposed
scheme, a 5 GHz local RF signal is subjected to frequency 8-ctupling, resulting in the
generation of a 40 GHz millimeter-wave signal. The system achieves sideband suppression
ratios (SSRs) of 50dB and 44 dB in the optical and RF domains, respectively, for
a modulation index of 2.868. Carrier suppression is achieved using a polarisation-based
control method. An analytical assessment is carried out to evaluate the variation in SSR
with changes in the extinction ratio, the azimuth angle of the polarisation controller, and the
amplitude of the RF drive signal.

1. Introduction

The rapid growth in mobile data traffic is prompting
telecommunications equipment operators and service
providers to explore innovative, efficient cellular technolo-
gies that meet the evolving needs of communication
frameworks. This increasing demand highlights the need
for efficient and high-performance frequency conversion
techniques in order to optimise the use of available RF
spectrum to support 6G and next-generation networks [1].
Global mobile data traffic is expected to surge substantially
over the next decade. Figure 1 illustrates the expected
increase in worldwide mobile data traffic, based on
projections from the International Telecommunication
Union (ITU). It shows the forecasted monthly data volume,
measured in exabytes (EB), over 10 years from 2020 to
2030. According to this projection, global mobile data
traffic is expected to grow at an average annual rate of 55%
from 2020 to 2030, reaching approximately 607 EB and
5016 EB per month by 2025 and 2030, respectively [2].
To address the rising demand for data services, network
operators are required to transition from traditional wireless
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Fig. 1. Global mobile data traffic forecast for the period from
2020 to 2030 (Source: ITU).

systems to more efficient, high-bandwidth systems. One
promising solution to address the limitations of over-
crowded spectrum is the use of higher frequency bands,
particularly in the millimeter-wave (mm-wave) range. The
mm-wave band generally spans frequencies from 30 GHz
to 300 GHz [3]. Nevertheless, generating mm-waves above
100 GHz remains challenging due to the performance
limitations of available electronic components. As an
alternative, optical methods for generating and transmitting
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mm-waves have emerged as an effective approach enabling
the production of higher frequencies and allowing seamless
integration with radio-over-fibre (RoF) systems. As
a result, optical techniques for mm-wave generation have
attracted considerable attention in recent years [4].

The fundamental mechanism for optical mm-wave
generation is the optical heterodyne technique, in which
optical signals from two independent laser diodes are
combined and fed to a photodetector [5—8]. At present,
various techniques have been used to generate mm-waves,
including frequency upconversion [9], direct modulation
[10], stimulated Brillouin scattering (SBS), four-wave
mixing (FWM) [11-14], and external modulation
techniques [15]. The frequency upconversion technique is
simple to implement but suffers from increased phase
noise. SBS and FWM have complex structures and
restricted frequency multiplication factors (FMFs). In
contrast, external modulation is widely regarded as a highly
reliable technique for producing mm-wave signals as it
offers large FMF and flexible frequency tuning. Several
photonic approaches based on higher FMF, such as
16-tupling and 32-tupling for mm-wave generation, have
been reported in the literature. While these schemes aim to
achieve higher FMFs, generating pure, stable mm-wave
signals with a simplified configuration remains an
important research objective. In our proposed work, two
Mach-Zehnder modulators (MZMs) in a parallel configura-
tion are employed to realise a filterless 8-tupling for the
generation of a 40 GHz signal. However, several studies
have already reported schemes for generating 8-tupling
mm-wave signals. For instance, in one work, a 40 GHz
mm-wave has been generated using a filterless RoF system,
where the optical sideband suppression ratio (OSSR) is
limited to 30 dB [16]. A re-modulation scheme using three
MZMs is used in the work that increases the system
complexity [17]. Furthermore, some approaches require
high extinction ratios (ERs) of up to 100 dB, which is quite
impractical for realistic implementations [18]. On the other
hand, our proposed system achieves an OSSR of 50 dB and
a radio frequency sideband suppression ratio (RFSSR) of
44 dB, demonstrating high spectral purity at a low
modulation index of 2.868, which is advantageous for
practical deployment. A generated 40 GHz signal falls
within the frequency range widely used in high-capacity
wireless links and RoF systems, where photonic generation
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of mm-wave carriers facilitates seamless optical-wireless
integration.

The sections that follow are organised as detailed
below. Section 2 presents the setup and principle of a fre-
quency 8-tupling using dual-parallel MZMs (DPMZMs).
Section 3 discusses the different results obtained in our
work. Conclusions are given in section 4.

2.  Setup and principle

The proposed system can be practically realised using
standard optoelectronic components including a continu-
ous wave (CW) laser diode, two lithium-niobate MZMs
driven by RF signal generators, and a photodetector (PD).
The system also contains electrical phase shifters (EPS),
a polarisation controller (PC), a polarisation beam splitter
(PBS), apolarisation beam combiner (PBC), a polariser
(Pol), and an optical amplifier (OA). The functional
arrangement of these components for a photonic generation
of a 40 GHz mm-wave signal is illustrated in the block
diagram shown in Fig. 2. The optical carrier signal from the
CW laser passes through PC and then to PBS, where it is
split into two beams along the x-axis and y-axis. The
optical signal along the x-axis is split by the power splitter
and fed to MZM, and MZM,. The two outputs of MZM,
and MZM, are then fed to the polariser after passing
through the PBC. The optical signal along the y-axis is
directly fed to the PBC without modulation. The output
from polariser is detected using a PD after amplification.
MZM, and MZM,; differ by a phase shift of 90°. The PC
controls the optical power distribution ratio along the x-
and y-axes. The values of the azimuth angle of PC and
polariser angle are so adjusted that they cancel out the
optical carrier component from the output of DPMZM.
This leaves the +4th-order sidebands as the remaining
components, which, after colliding in a PD, generate a
40 GHz mm-wave signal.

In practical implementations, deviations in bias point of
the modulators and polarisation fluctuations may affect the
system stability. These effects can be mitigated using
automatic bias-control circuits and polarisation-control
techniques that maintain the modulators operating
conditions [19-21]. Such stabilisation techniques are
widely used in the optical mm-wave generation and RoF
systems.

————— » Electrical signal

— Optical signal

Fig. 2. Schematic of a frequency 8-tupling mm-wave generation based on DPMZMs, continuous wave (CW) laser
diode, radio frequency (RF) source, polarisation controller (PC), polarisation beam splitter (PBS) and
combiner (PBC), polariser (Pol), optical amplifier (OA), and photodetector (PD).
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2.1. Output of DPMZM

The system uses two MZMs. The output of an MZM is
given by the following standard expression:

Vo (1) | Vbias o
2| 22(0) | Voias 5

' ]+(1—7)ej [ A (1)

In the above equation, E.(f) and Ein(f) are the field
strengths of the output and input optical signals,
respectively, a is the attenuation coefficient due to insertion
loss, y is the power splitting ratio, v, is the half-wave
voltage of an MZM. Suppose the RF voltages on two arms
of an MZM, vi(¢) and v»(¢), are expressed as v,,cos(wnt + @)
and vycos(wnt + ¢ + @), respectively. Here, ¢ is the initial
phase of the RF signal and ¢ is the phase difference
between two RF driving voltages fed to two arms of an
MZM. Substituting the values of vi(f) and vx(#) into (1), we
get:

o[ 05 00)
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For MZM at MATP, ¢ =7 and Vbiasi= Vbias2=0 V. For
infinite ER as is the case with ideal MZM, splitting ratio is
equal to 0.5. Thus, equation (2) reduces to:

E (t) o Em (t)|: Jjmeos(@,1+¢) ‘e jmeos(@,, t+7r+¢):|’ (3)

where m = v,/v; is the modulation index of the MZMs so
used.
Jacobi-Anger expansion is expressed as:

©
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Therefore, we can write (3) as:
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In (4), Ju(m) is the nth-order Bessel function of the first
kind with argument m. For ¢=mx, creation of term
[(D)"+1] at output indicates the suppression of odd
sidebands due to which equation (4) can be expressed as:

E, (1)« E, (f) i (=1)"J,, (m)e’>" "), (5)

Now, MZM, and MZM,, differ by a phase of 7/2, so the
output of parallel combination of two MZMs can be
expressed as:

E pnzm ®= EMZM‘, ®+ EMZMb ®

E iz () o %Ein (t)|: z (=1)"J,, (m)e’>"

n=-w

+ 3| @
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Due to the /2 phase difference of two MZMs, again the
term [(—=1)"+1] is created and only +4%-order optical
sidebands (as n takes values 0, +4, £8, £12,...) are present
at the output of DPMZM. Therefore, (6) reduces to:

Epyzn () € \/EEin (t)|: Z 4n(m)e/4m [:| @)
which can be further expressed as:
Enpizna (1) 5 N2E,, (0] Jy(m) +2J () cos (4,.1)
+2J(m)cos(8w,1) (8)

+2.J,,(m)cos(12m,1) |.
2.2. The elimination of unwanted optical sidebands

To obtain a 40 GHz high-purity mm-wave frequency from a
5 GHz RF signal, all the optical sidebands except the +4th-
order need to be suppressed. The optical sidebands of
+12th-order are very small and can be neglected according
to the characteristic of Bessel functions. There is a need to
suppress the optical carrier and +8th-order sidebands to a
large extent.

Optical carrier is suppressed using a polarisation control
method. Let Ei(f)=Ene/® represent the optical carrier
wave, where Ej, and o are the amplitude and angular
frequency of the carrier, respectively. The optical field at
the output of the PBS can be expressed mathematically as:

E | [cos® 0 ] E.e”

[Eyj|_|: 0 Sin0:||:Einejmt:|9 (9)
where 0 is the azimuth angle of PC, E; and E, are the field
strengths of the optical carrier signals in the x-axis and
y-axis directions of the system, respectively. Since E,

remains unmodulated and is fed directly to the PBC, by
substituting the value of E, from (9) into (8), we get:

Eppniz (1) ¢ V2 cOS OF, ™ [ Jo(m)+2J,(m)cos(4m,t) (10)
+2J (m)cos(8m,1) .

The output optical signal from the polariser having
a polarisation angle of n/4 is given by:

E ()< %[EDPMZM (+E, ] (11)

Putting value of Eppmzm(?) from (10) into (11), we get:

E, (1) oc —= ! \/ECOSHE e””[] (m)+2J,(m)cos(4w,t)
V2 (12)

+2J8(m)cos(8wmt)] + Lsin OF '™,

V2
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The carrier can be completely removed if:

J,(m)cos@ =— !

—=sind.
2

From the above equation, the value of azimuth angle 6
can be calculated as:

(13)

H:tan’l[—ﬁJo(m)J. (14)
Now, after the removal of the optical carrier, (12)
reduces to:

E,(t) oc 2c0s OF, &’ [ J,(m)cos(4w,t) + J(m)cos(8a,t) |.

(15)

In order to suppress the +8th-order optical sidebands,
we adjust the modulation index of the RF signal to make
the coefficient of the 2nd term of (15) as small as possible.
When the modulation index m is set to 2.868, the
coefficient of the 2nd term is equal to 0.000704, which is
quite small but not negligible. However, if m is set to 2.435,
the 8"-order sidebands are fully suppressed. But this results
in the appearance of Ist-order sidebands. Thus, at
m=2.868, we find OSSR with respect to the 8th-order
sidebands.

3.  Results and discussion

For simulation purpose, OptiSystem software is used and the
setup is illustrated in Fig. 2. The important parameters of
the devices used in the simulation setup are mentioned in
Table 1.

Figure 3(a) shows the signal at the output of an optical
combiner. The spectrum reflects the presence of +4th-order
optical bands along with an unsuppressed carrier. All other
sidebands except the +8th-order sidebands are negligibly
small. The ratio of the 4th-order sideband with respect to
zero-order sideband, P4+/Po=—5 dB [see Fig. 3(a)]. This can
be verified mathematically for m =2.868, as:

%zZOlog Jim) _ s 34p,

0

Jy(m

(16)

Figure 3(b) shows the spectrum of an optical signal at
the polariser, where the carrier is effectively suppressed

4
Table 1.

Important parameters of the devices used in the simulation set up.
Parameters Values
Frequency of RF source 5 GHz
Amplitude of RF source 3.65
Centre frequency of laser diode 193.1 THz
Line-width of laser diode 10 MHz
Power of laser diode 10 dBm
Azimuth of polarisation controller () 6.78°
Gain of optical amplifier 30dB
Noise figure of optical amplifier 4dB
Responsivity of photodiode 0.8 A/W
Dark current of photodiode 10 nA

when the polariser angle is set to 45°. The largest spurious
sidebands are around 8th-order and are around 50 dB lower
than the desired 4th-order sidebands. The same is verified
mathematically, where the OSSR is calculated to be equal
to 50.28 dB as shown below:

J,(m)

Jg(m)

OSSR = ZOIOg{ } =50.28 dB. (17)

When an output optical signal from DPMZM is beaten
into PD, a 40 GHz signal is generated. The output in the
form of a photocurrent from PD having responsivity R after
passing through an OA of gain G is given by:

1(1) o« RG*E, o (1) % E, ()" (18)
Putting value of Epqi(f) from (15) into (18), we get:
I(t) < RG? {2005 O, | J,(m)cos(4w,t)+ .]g(m)cos(Sa)mt)]}2
(19)
2 jor \? 2 2
1(t) o< 2RG* (cosOE, ' ) {[14 (m)+J(m) |
+J,2(m)cos(8aw,t )+ J* (m)cos(16w,1)

+2J,(m)J(m)cos (4w, t)+2J,(m)J, (m)cos(lZa)mt)} )
(20)
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Fig. 3. (a) Optical spectrum at optical power combiner, (b) optical spectrum at polariser.
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In (20), the term [J4%(m)+Js*(m)] corresponds to the DC
component and the cosine terms represent the harmonic
components used to evaluate the RFSSR. The 8th harmonic
of RF signal having the largest amplitude is the desired
signal. The value of Js*(2.868) = 1.24 x 1077 is a negligibly
small value and thus 3rd term can be omitted. The value of
J4(2.868).J5(2.868) = 4.05 x 107, This shows that 4th- and
12th-order harmonics are the largest spurious signals
present, which is also suggested by Fig. 4, where RFSSR is
seen to be equal to 44 dB. This value is quite close to the
calculated value justified below:

RFSSR ~ 2010g[2’]4ﬂ:| ~44.23 dB. 1)

Jg(m

The main parameters that affect the purity of the mm-
wave signal are ER, amplitude, azimuth angle, and the RF
signal initial phase. Therefore, it becomes necessary to
analyse the effect on SSR by varying these parameters.

.1I[|

RFSSR =44 dB

e

Power (dBm)

[] 206 406 606G 806G
Frequency (Hz)

Fig. 4. RF spectrum at the photodetector output.

3.1. Effects of variation of modulation index (m) and
azimuth angle (0) on OSSR and RFSSR

Figure 5(a) shows the variation of OSSR and RFSSR with
respect to the modulation index (m). It is seen that both the
OSSR and RFSSR reach their maximum value at
m=2.868. At this value of m, OSSR and RFSSR are found
to be nearly equal to 50dB and 44 dB, respectively.
Figure 5(b) shows a plot between suppression ratio and
azimuth angle of PC (8). At 0= 6.78, OSSR and RFSSR are
the maximum values. However, for 8=6.72 to 6.84, OSSR
and RFSSR both are >30 dB. OSSR and RFSSR both are
>20 dB for the modulation index range of 2.852 to 2.883.

3.2. Effects of variation of extinction ratio (ER) on
sideband suppression ratio (SSR)

The splitting ratio is given by the equation, , — (1 _ IJ /2

Ve

ER
Here, ¢ =10" , where ER is the extinction ratio of an

MZM. Most of the commercial optical MZMs have an ER
around 30 dB which results in low-power spurious optical
sidebands. Figure 6 depicts the effect on the suppression
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Fig. 5. (a) Effects on OSSR and RFSSR with change in
modulation index, (b) effects of change in azimuth
angle (6) on OSSR and RFSSR.
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Fig. 6. Effects of change in ER on OSSR and RFSSR.

ratio with a change in ER. The OSSR improves linearly as
the ER is increased beyond 30 dB. Beyond an ER of 40 dB,
the OSSR is >34 dB, but RFSSR saturates and remains
constant at a maximum value of 44 dB.

4.  Conclusions

This work presents a method to generate an mm-wave
signal at 40 GHz from a 5 GHz RF source using a single
DPMZM. The proposed system generates a carrier band
and 4th-order optical sidebands at a modulation index of
2.868. A polarisation control method is used to suppress the
carrier, which is an energy-efficient approach. Further, an
investigation is carried out to analyse the variation of OSSR
and RFSSR with the change in parameters like the ER of
MZMs, the azimuth angle of PC, and the amplitude of the
RF drive signal. The theoretically calculated values of
OSSR and RFSSR for the generated signal, 50.28 dB and
44.23 dB, respectively, are supported by simulation results,
which were found to be 50 dB and 44 dB, respectively.
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