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A novel structure to generate 32-tupling frequency millimeter-wave (MMW) signal using polari-
zation modulators (PolM) is proposed. The ±16th order sidebands are generated by the 16th order
sidebands generator which is mainly constructed by six PolMs and beat in a photodetector for gen-
erating the 32-tupling frequency MMW. The optical sideband suppression ratio (OSSR) of the
generated ±16th order sidebands are 29.89 and 29.7 dB from theoretical analysis and simulation.
The radio frequency (RF) spurious suppression ratio (RFSSR) of the obtained 32-tupling frequency
MMW are 23.88 and 23.32 dB from theoretical analysis and simulation. A radio over fiber (ROF)
system to transmit the generated 32-tupling frequency MMW is built. In the center station, the
+16th order sideband from the ±16th order sideband generator is filtered out by a filter, after the
downlink data is modulated on it. It is recombined with –16th order sideband and transmitted to
the based station over fiber. In the based station, a part of –16th order sideband is reflected by a fiber
Bragg grating (FBG), and the uplink data is modulated on it and transmitted to the center station
over fiber. The signal emerging from the FBG is injected into the photodetector and the 32-tupling
frequency MMW with downlink data is generated. The simulation results show that for the trans-
mission fiber length 30 km, the bit-error-rate (BER) is less than 10–9, the power cost of the uplink
and downlink is less than 0.44 and 0.5 dB, respectively.

Keywords: radio-over-fiber (ROF), millimeter-wave (MMW), polarization modulator (PolM), Mach
–Zehnder interferometer (MZI), optical sideband suppression ratio (OSSR), radio frequency
spurious suppression ratio (RFSSR). 

1. Introduction

The radio over fiber (ROF) technology combines the advantages of optic fiber com-
munication and wireless communication and it is one of the key technologies for fu-
ture ultra-broadband wireless access [1,2]. In recent years, with the development of
wireless communication technology, the carrier frequency has been moving into the
band of millimeter wave (MMW). The generation of MMW in electric domain is lim-
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ited by the electronic bottleneck of electronic devices, which makes it difficult to gen-
erate MMW with frequencies above 100 GHz. The generation of MMW in the optical
domain can overcome this limit and it is the key technology in the ROF [3-5]. At
present, the main proposed methods to generate optical MMW include direct modula-
tion [6], optical heterodyne [7], four-wave mixing [8] and stimulated Brillouin scat-
tering [9], external modulation [10-18], etc. Among the above methods, the external
modulator method is the main method to generate optical MMW. Among the external
modulator methods, the methods based on Mach–Zehnder modulator (MZM) have
many advantages, such as low complexity, low cost, etc. However, this method suffers
from the bias drift problem and requires sophisticated bias control circuits. The meth-
ods to generate optical MMW with polarization modulator (PolM) do not need direct
current (DC) bias, and it has become a research hotspot in recent years at home and
abroad. 

The frequency of the generated MMW based on the PolM methods is 2nfRF, where
fRF is the frequency of the radio frequency (RF) driving signal which is loaded on
the PolM, n is the desired order of optical sidebands generated by the PolMs, 2n is fre-
quency multiplication factor (FMF). Since the increase of  fRF is limited by the elec-
tronics, the main method to increase the frequency of MMW is to increase the FMF.
In [10], LIU et al. proposed a scheme to generate quadruple frequency MMW with
a PolM. In [11], a method to generate 6-tupling frequency MMW using a PolM and
a fixed-wavelength trap filter was proposed. In [12], YANG et al. proposed a structure
to generate 8-tupling frequency MMW with two cascaded PolMs. In [13], ABOUELEZ

proposed a method to generate 12-tupling frequency MMW generation with two cas-
caded dual parallel polarization modulators (DP-PolM). In [14,15], BASKARAN et al.
proposed a scheme to generate 16-tupling frequency MMW using four PolMs connect-
ed in parallel, and in the same year, they proposed a structure to generate 16-tupling
frequency MMW using four PolMs. In [16], CHAUDHURI et al. proposed a scheme to
generate 24-tupling frequency MMW and obtained 60 GHz MMW with 2.5 GHz
RF driving signal. 

In the above methods to generate MMW with PolM, the largest FMF is only 24.
In order to increase the FMF, our research group proposed two filterless methods to
generate 32-tupling MMW based on DP-PolMs [17,18]. In order to compare the per-
formance of the main methods proposed so far to generate MMW based on PolM, we
tabulate the main parameter of those methods in Table 1.

In [17], it needs eight PolMs, because the system is complicated and costly. In [18],
in order to suppress the optical carrier in the output signal, the polarization multi-
plexing method is adopted. This method requires to control the polarization angle of
polarizer accurately and is susceptible to the polarization state of optical signals. 

In the methods to generate 32-tupling frequency MMW, in order to reduce the sys-
tem cost [17] and eliminate the effect of polarization state on the system [18], we
propose a new method to generate 32-tupling MMW with six PolMs. The carrier in
the output is suppressed by adjustable optical attenuator (OATT) and π optical phase
shifter (OPS).
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2. System design

Figure 1 is the schematic diagram to generate 32-tupling frequency MMW with six
PolMs. The main devices in the structure are a CW laser, a polarization controller (PC),
a two optical phase shifters (OPS1, OPS2), two optical adjustable attenuators (OATT1,
OATT2), two polarizers (Pol1, Pol2), a RF signal generator, four electrical phase shift-
ers (EPS1...EPS4), two optical amplifiers (OA1, OA2), a photodetector (PD), twelve
3 dB optical couplers (OC1...OC12), six polarization modulators (PolM-ai, PolM-bj
(i = 1, 2, and j = 1, 2, 3, 4)). 

Apart from the CW laser and PD, the remaining part of the structure can be regard
as a Mach–Zehnder interferometer (MZI) which is constructed with upper and lower
branch connected by two 3 dB OCs. The upper branch of MZI consists of subsystem A
(marked as “Sub A”) and subsystem B (marked as “Sub B”) in series. The lower branch
of MZI consists of a OATT2 and a OPS2 in series. 

Sub A can be regarded as a MZI (marked as “MZI1”), which is constructed with
upper and lower arm connected by two 3 dB OCs. The upper arm is made of PolM-a1
and PolM-a2 connected in parallel. The lower arm of  MZI1 is made of an OATT1 and
an OPS1 in series. Sub B is made of PolM-b1...PolM-b4 connected in parallel. 

The optical carrier wave from the CW laser is sent to the PC, and split into two
beams by a 3 dB OC, and injected into the upper and lower branches of the MZI, re-
spectively. The input signal in the upper branch is sent to Sub A and Sub B in turn. 

Fig. 1. Schematic diagram of the structure to generate 32-tupling MMW with PolMs. CW laser – contin-
uous wave laser, PC – polarization controller, OPS – optical phase shifter, OATT – optical adjustable at-
tenuator, Pol – polarizer, RF generator – radio frequency signal generator, EPS – electrical phase shifter,
OA – optical amplifier, and PD – photodetector. 
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In the upper branch of MZI, the input signal of Sub A is divided into two branches
by a 3 dB OC and sent to the upper and down arms of MZI1 respectively. The input signal
of the upper arm is separated into two branches by a 3 dB OC, and sent to the PolM-a1
and PolM-a2, respectively. The input signal passes the down arm past OTTA1 and
OPS1 in series. The output signals of two arms of MZI1 are combined with a 3 dB OC.
The input signal of Sub B is split by three 3 dB OC and fed into PolM-b1...PolM-b4
connected in parallel. In the down branch of MZI, the input signal is sent to OATT1
and OPS1 in series. The output signals of two branches of MZI are combined with
a 3 dB OC, injected into the PD to generate MMW.

Setting the initial phase of the RF driving signals applied on the PolM-a1, PolM-a2,
PolM-b1, PolM-b2, PolM-b3 and PolM-b4 as 0, 90°, 0, 45°, 90°and 135°, respectively,
and adjusting the amplitudes of the RF drive signal load on PolMs, the 32-tupling fre-
quency MMW is generated in the PD.

3. Principle analysis

3.1. System output signal

Suppose the optical carrier field from the CW laser is E0(t) = E0exp( jωc t ), where
E0 and ωc are the optical carrier amplitude and frequency, respectively.

In Sub A, suppose the RF driving signal applied to the PolM-ai (i = 1, 2) is
V (t ) = VRF sin[ωRF t + (i – 1) Δφ], where VRF and ωRF are the amplitude and frequen-
cy of the RF signal, respectively; Δφ is the phase difference of the RF driving signal
generated by the EPS applied to the PolM-a1 and PolM-a2.

The θ1 introduced by PC is set as 45°. Thus, the output of PolM-ai can be ex-
pressed as

(1)

where m = πVRF /Vπ, and Vπ are the modulation index and the half-wave voltage of
PolM-ai, respectively. 

The output signals from PolM-a1 and PolM-a2 are combined with a 3 dB OC, and
the output signal of Sub A can be described as

(2)

Eix

Eiy

2
16

------------- E0 jωc t exp
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2
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After the output of sub A passes through Pol1, it can be expressed as

(3)

From Eq. (3), we can see that the output optical signal of  Pol1 has been converted
from a phase-modulated signal to an intensity-modulated signal. The amplitude mod-
ulation factor is  

Using the Jacobi–Anger formula, when Δφ = π / 2, Eq. (3) can be expanded as
follows

(4)

where J2n (m) is the first kind 2n-order Bessel function.
From Eq. (4), we can see that the output form Pol1 is 4n order optical sidebands. Ac-

cording to the characteristics of Jn(m), when n > 4, the J4n(m) is so small to be ignored.
By properly adjusting the modulation index mA of PolM-ai, the ±4th-order optical

sidebands can be suppressed. By tuning the attenuation of  the OATT2 in the lower arm
of Sub A, the carrier in the upper and lower arms are equal in amplitude and opposite
in phase, and they can be mutual offset in the 3 dB OC. Then the field of the output
optical signal from Sub A is expressed as

(5)

For the Sub B, the optical signal from Sub A is first amplified by the OA1 and then
injected to Sub B. Sub B is analysed in the same way as Sub A, except that the phase
difference Δφ of the RF driving signal loaded on each PolM-bi (i = 1, 2, 3, 4) is π/4.
The output of Sub B can be denoted as

EA t  45° Eix
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(6)

where G is the gain of the OA1. 
From Eq. (6), it can be seen that the main component from Sub B is the ±8n order

optical sideband. By tuning the modulation index mB of PolM-bi in Sub B, the carrier
can be suppressed. Substitution Eq. (5) into Eq. (6), the field of the output optical signal
from Sub B can be expressed as

(7)

By adjusting the attenuation of the OATT2, the carrier in the output optical signal
from Sub B can be cancelled by the optical signal from the lower branch of MZI in
the 3 dB OC. The output from the 3 dB OC is injected into the PD to realize the photo-
electrical conversion. The photocurrent from the PD can be expressed as
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(8)
where  is the responsiveness of the PD. 

According to the characteristics of the Bessel function, the amplitude of the 48 times
harmonic of  RF driving signal is too small to be ignored. From Eq. (8), we can see
that the output of the PD contains the harmonic component of frequency 32 times to
the RF driving signal, and it is the desired 32-tupling frequency MMW.

3.2. Parameter setting and performance index

From Eq. (7), we can see that it is the modulation index of the PolM that controls the
magnitude of optical sidebands in the output of the MZI. The attenuation values of
OATT1 and OATT2 determine whether the carrier components can be completely can-

I t  E 0
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
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

2
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2 1

2
------ J8
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



=
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celled. Their parameter values have a direct impact on the quality of the generated sig-
nal and need to be carefully analysed. 

The quality of the generated signals is evaluated by the optical sideband suppres-
sion ratio (OSSR) and radio frequency spurious suppression ratio (RFSSR).

3.2.1. Modulation index of PolM

In our scheme, the 32-tupling frequency MMW is generated by beating the ±16th order
optical sidebands in the PD. It requires to suppress other sidebands except the ±16th
order sidebands. From Eq. (7), we can see that the values of the ±4n order sidebands
are determined by the value of J4n (mA). From Fig. 2, we can see that when mA = 7.59,
J4(7.59) = 0, the ±4th order optical sidebands are suppressed; when mB = 8.65,
J0(8.65) = 0, the carrier is suppressed. When the modulation index takes these values,
the value of J8(m) is much larger than others, which means the amplitude of the
±16th order sideband is much larger than others.

Conclusion: the mA and mB are chosen as 7.59 and 8.65, respectively. 

3.2.2. The attenuation of the optical attenuator

In our scheme, OATTi and OPSi (i = 1, 2) are used to suppress the optical carrier. Ac-
cording to Eq. (4) and Eq. (7), the amplitude of the carrier in Sub A is J0(mA)E0 /4,
and the amplitude of the carrier sent to OATT2 is E0 /4. Therefore, the attenuation value
of the OATT1 is

(9)

From Eq. (9), when mA is chosen to be 7.59 as discussed above, α1 equals 11.92 dB. 
In order to cancel the carrier in the output from Sub B, it is need to value the at-

tenuation value of OATT2. According to Eq. (7), in order to generate equal amplitude

Fig. 2. First kind even-order Bessel function.

α1 20 log10 J0 mA 
1–

=
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and inverse phase carrier to the upper branch of the MZI, the attenuation value of the
OATT2 is

(10)

where GdB is the gain of OA1. 
From Eq. (10), when mA is 7.59, mB is 8.65, and GdB is 20 dB, α2 equals 5.75 dB.
Conclusion: the α1 and α2 are chosen 11.92 and 5.75 dB, respectively.

3.2.3. OSSR and RFSSR

From Eq. (7), the ±16th and ±4th order sidebands are the desired sidebands and the
maximum spurious sidebands, respectively. According to the definition of OSSR, we
can obtain

(11)

According to Eq. (8), C4 = 8.4227 × 10–5, C8 = 2.6882 × 10–6, C12 = 2.374 × 10–5,
C16 = 1.7354 × 10–6, C32 = 1.3287 × 10–3, C40 = 1.3347 × 10–6, when the direct cur-
rent (DC) component is filtered out , the largest harmonics is the 32 times of  RF driving
signal, and the second largest harmonic is the 4 times of RF driving signal. According
to the definition of RFSSR, we can obtain

(12)

4. Simulation experiments

According to Fig. 1, a simulation link is built using photonic simulation software.
The main parameters in the simulation are set as Table 2. 

The basis to select the values of the parameter of the devices in Table 2 is as follows:
the basis to choose the frequency of the RF local oscillator as 10 GHz is for the gen-
eration of 320 GHz MMW in our simulation. According to the theoretical analysis, the
modulation index (m = πVRF/Vπ) for “Sub A” and “Sub B” are mA = 7.59 and
mB = 8.65, respectively, Vπ = 1 V is the default value in the simulation system, then
the values of the amplitudes of the RF local oscillator for “Sub A” and “Sub B” are
2.4154 and 2.7545 V, respectively. The values of the attenuation for attenuator 1 and
attenuator 2 are chosen according to Eq. (9) and Eq. (10), respectively. The other val-
ues of the parameters in the simulation are chosen according to the default values of
the simulation software. 

Figures 3 (a)–(d) show the spectrum of the signals at point A, point B, point C,
and point D in Fig.1. From Fig. 3 (a), it can be seen that the main components of the
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signal are the 0th, ±8th, and ±12th order optical sidebands. From Fig. 3 (b), it can be
seen that the main components are ±8th and ±12th order sidebands. From Fig. 3 (c),
it can be seen that the main components are the 0th and ±16th order sidebands. From

T a b l e 1. Main device parameters involved in simulation. 

Parameter Value

Center frequency of CW laser 193.1 THz

Linewidth of CW laser 10 MHz

Optical power of CW laser 0 dBm

Frequency of RF local 10 GHz

Amplitude of RF local (Sub A) 2.4154 V

Amplitude of RF local (Sub B) 2.7545 V

Gain of optical amplifier 20 dB

Attenuation of attenuator 1 11.92 dB

Attenuation of attenuator 2 5.75 dB

Responsivity of photodetector 0.8 A/W

Dark current of photodetector 10 nA

Fig. 3. The spectrum of the output optical signal at (a) point A, (b) point B, (c) point C, and (d) point D.

(a) (b)

(c) (d)
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Fig. 3 (d), it can be seen that the main components are ±4th order, ±16th order and
±20th order sidebands. Among them, the ±16th order sidebands have the largest am-
plitude and the ±4th order sidebands are the largest spurious sidebands, which are
29.7 dB lower than the ±16th order sidebands. Therefore, the value of OSSR is 29.7 dB,
which is consistent with the theoretical calculation value of  29.89 dB in Eq. (11).

Figures 4 (a) and (b) show the output signal spectra of PD when the noise figure
of OA1 is 0 and 4 dB, respectively. As seen from Fig. 4 (a), the maximum harmonic
in the non-noise case is at 40 GHz (4 times the frequency of  RF driving signal), which
is 23.32 dB lower than the signal at 320 GHz (32 times the frequency of RF driving
signal). Therefore, the value of RFSSR is 23.32 dB, which is consistent with the the-
oretical calculation value of 23.88 dB in Eq. (12). As seen from Fig. 4, in the 4 dB-noise
case, the maximum harmonic is at 60 GHz (6 times the frequency of RF driving signal),
and the RFSSR is 18.47 dB.

5. ROF for the generated 32-tupling MMW

In order to estimate the transmission performance of the generated 32-tupling frequency
MMW over fiber (MMOF), a ROF system is designed with photonic simulation soft-
ware, which is shown in Fig. 5. In Fig. 5, the 16th order sideband generator is the
MZI in Fig. 1.

In the central station (CS) the main devices are the CW laser, 16th order sideband
generator, optical interleaver (IL), amplitude modulator (AM), OC, data source, OA,
PD, low-pass filter (LPF). In the base station (BS), the main devices are the EDFA,
optical circulator, fiber Bragg grating (FBG), PD, RF local oscillator, RF mixer, LPF,
OA, AM, and data source.

The frequency of the RF signal is 10 GHz, the data rate for uplink and downlink
are both 2.5 Gbps, the fiber length is 30 km, and the reflectivity of the FBG is 5%.

At the CS, the output of the 16th order sideband generator is separated with a IL,
and the downlink data signal is modulated to the +16th order sideband with an AM,

Fig. 4. Spectrum of electrical output signal from PD. (a) OA1 without noise, and (b) OA1 with 4 dB noise.

(a) (b)
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and then the ±16th order sidebands are combined by a power combiner and transmitted
to BS via optical fiber. At the same time, the uplink optical signal passes through an OA
and is injected into a PD for photoelectric conversion, and then the uplink data signal
is filtered through a LPF. 

At the BS, a FBG is used to reflect part of the –16th order sideband from the down-
link signal. It is used as the carrier for uplink transmission for carrier reuse, and the
uplink signal is modulated on it by an AM and transmitted back to the CS via optical
fiber for carrier reuse. The output signal from the FBG is injected into the PD, in which
the 32-tupling frequency MMW with the downlink data signal is generated. The output

Fig. 5. Full-duplex MMOF system with frequency reuse.
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Fig. 6. The relationship between the BER and the received power of PD in the uplink and downlink.
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signal from the PD is mixed with the 320 GHz local signal from the RF local oscillator
in the RF mixer. After the output signal from the mixer passing through the LPF, the
downlink data signal is filtered.

Figure 6 shows the relationship of bit error rate (BER) with the received power of
PD in the uplink and downlink. We can see from Fig. 6, at BER = 10–9, for the cases
of the back-to-back (BTB) and the 30 km length of fiber, the accepted power of the
PD in the uplink are –12 and –11.6 dBm, respectively, with a power penalty of
0.4 dB; the accepted power of the optical detector in the downlink are –13.6 and
–13.5 dBm, respectively, with a power penalty of 0.1 dB.

Figure 7 shows the Q value of data versus fiber length in the uplink and downlink.
When the length of fiber increases from 0 to 70 km, the Q value of the downlink data
decreases from 9.1 to 5.8. When the length of fiber increases from 0 to 40 km, the Q value
of the uplink data decreases from 26.38 to 7. This indicates that the uplink system per-
formance declines faster and the system stability is poor. 

6. Discussion

In our designed ROF system, there are some problems to be solved.
1) In our design of ROF system, in order to solve the code walk-off problem for

data transmission, a filter is need to filter out the +16th order sideband with which the
downlink data is modulated on it. This limit the tenability of frequency to the system.
The further research is to find a method to modulate the data on one sideband without
filter. 

2) In the BS, in order to realize carrier reuse, it is needed to reflect a part of the
–16th order sideband. The more power is reflected, the better for the uplink, but it will
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Fig. 7. The relationship of Q value with length of fiber in the uplink and downlink.
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reduce the performance of the generated 32-tupling frequency MMW in PD. It is need-
ed to find the optimal reflectivity of FBG for uplink and downlink. Another method
is to find a way to realize carrier reuse without filtering the –16th order sideband.
An alternative method is that, at CS a OC is used to split the carrier into two parts at
the input port and one part is sent into the MZI to generate the ±16th order sidebands,
the other OC is used in the output of MZI. At BS, a FBG with 100% reflectivity is
used to reflect the carrier for uplink data transmission.

3) In the theoretical analysis and simulation experiment the parameters of the de-
vice have ideal values. In practice, owing to the variety of environment and the limi-
tation of manufacturing technology, these parameters often deviate from these ideal
values; this will reduce the OSSR and RFSSR of the generated signal. It requires further
research.

4) The frequency of the generated MMW is 2nfRF based on PolMs. The n and fRF
are the desired n-th order sideband and the RF driving signal frequency. Due to the
restrictions of increasing the frequency of RF, the main method to increase the fre-
quency of MMW is to increase n. In order to increase the amplitudes of the n-th order
sideband, it is needed to increase the index modulation of the PolMs. This is a common
problem for the methods to generate high frequency MMW based on PolMs. According
to the definition of the modulation index of the PolM, m = πVRF/VπRF

, for a fixed mod-
ulation index, the way to reduce VRF is to reduce the half-wave voltage VπRF

 of the PolM.
From the recent research reports, we can see that a significant progress has been made
in reducing the VπRF

 of PolMs. How to further reduce the modulation index of PolMs
will be the issue of our research in the next step.

7. Conclusion 

In this paper, a novel structure to generate frequency 32-tupling frequency MMW using
six PolMs is proposed. The main part of the structure is regarded as a MZI. By adjusting
the amplitude and the initial phase of RF driving signal applied to PolMs in the MZI,
the attenuation of OATTs, the output of the MZI is ±16th order sidebands. By injecting
the ±16th order sidebands into the PD, the 32-tupling frequency MMW is generated.
The theoretical calculated OSSR of the generated ±16th order sidebands and RFSSR
of the generated 32-tupling frequency MMW are 29.89 and 23.88 dB, respectively.
A simulation system based on our scheme is built, and the OSSR and RFSSR from sim-
ulation experiments are 29.7 and 23.32 dB, respectively, which are very close to the
theoretical calculated values and this verified feasibility of our scheme.

 A bidirectional MMOF simulation experiments are carried out, the Q value is
greater than 6 and the power penalty is less than 0.4 dB at a transmission distance of
30 km with 2.5 Gbps data for uplink and downlink.

In addition, our scheme has many other advantages, such as high multiplication
factor, flexible tuning range and good system stability, good frequency tunability, etc.
It has wide application prospects in MMW technologies.
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