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Abstract—We propose a polarization-modulation and direct-

detection (PolM-DD) bandwidth-enhanced PAM-4 transmission 

system with a tunable frequency range and demonstrate, for the 

first time, its performance after transmissions through a standard 

single mode fiber (SSMF). By adjusting the polarization angle 

between one principal axis of the PolM and polarizer, the 

frequency notch, caused by the spectral dispersion inherent in 

SSMF, can be shifted to higher frequencies. As a consequence, the 

available 3-dB bandwidth at the baseband is much more enhanced 

than it would be in the traditional case of an intensity-modulation 

and direct-detection (IM-DD) system. Since the output of PolM 

modulation module are intensity modulated signals with a tunable 

chirp, the system is free of polarization-mode dispersion (PMD). 

From the analysis in this paper, we conclude that under ideal 

conditions, the PolM-DD system gains approximately 41.4% in 

bandwidth over its counterpart IM-DD system. The optimal 

polarization angle is independent of optical wavelengths and fiber 

distances, so it can be easily applied in wavelength-division-

multiplexing (WDM) systems. In our experiment, 100-Gbps, 84-

Gbps, 68-Gbps, 58-Gbps and 52-Gbps PAM-4 signals are 

successfully transmitted by our PolM-DD system over distances of 

5-km, 10-km, 15-km, 21-km and 25-km SSMF, respectively, 

without dispersion compensation component or single sideband 

(SSB) modulation. The experimental results are consistent with 

our analysis and simulations results, and support more than 41% 

data rate gain compared to the IM-DD system, given comparable 

component bandwidths. 

 
Index Terms—Polarization modulator, tunable frequency 

response, optical communication 

 

I. INTRODUCTION 

HE GaAs-based polarization modulator (PolM) is combined 

with two birefringent crystals and a half-wave plate to produce 

polarization modulation of incident light beam and exhibits the 

unique characteristic of simultaneous intensity and 

complementary phase modulations [1, 2]. As an extension of 

the Mach-Zehnder modulators (MZMs), the polarization 
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modulator was initially studied as a polarization converter [3-

5]. The PolM is a special phase modulator that can support 

both transverse-electric (TE) and transverse-magnetic (TM) 

modes with opposite phase modulation indices. By controlling 

the incident lightwave with a pair of polarization controllers 

(PCs), the two phase-modulated signals can be combined to 

generate an intensity-modulated signal. A 40-GHz PolM was 

first introduced in 2004 [6] with low differential group delay, 

on the order of a few tens of femto-seconds, and low driving 

voltage, on the order of 5 V. Later, PolMs were used as intensity 

modulators and over the past two decades have been widely 

studied in conjunction with microwave photonics (MWP) to 

improve the information and telecommunication systems. 

Before 2010, one promising application of PolMs was 

frequency-doubling optoelectronic oscillators (OEOs) [7-9]. 

Compared to the bias-drifting problem of the MZM-based 

OEOs, the PolM system is controlled by a pair of PCs. Almost 

at the same time, a simple approach to generate negative 

coefficients in a photonic microwave delay-line filter using a 

PolM was proposed [10-12]. In recent years, more practical 

applications of PolMs are studied in the fields of photonic-

assisted microwave channelizers [13, 14], Doppler frequency 

shift estimations [15, 16], angle-of-arrival measurements [17], 

phase noise measurements [18] and ultra-wide band signal 

generators [19, 20].  

The continuous increase of bandwidth hungry services such 

as cloud computing, high-definition live TV and online games 

have stimulated the requirements of high-speed 

communications [21]. Low-cost and high-speed 

communications are greatly desired by the upcoming 5G 

mobile fronthaul networks, especially Fronthual I transmissions 

between the distributed unit (DU) and the remote radio unit 

(RRU), whose distances usually range from 0 to 20 km. The 

direct-detection scheme stands out because of its lower cost 

compared to the coherent detection and simplicity but with the 

loss of phase state-of-polarization information. Intensity double 
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sideband (DSB) modulation is the simplest scheme with which 

to upload an electrical signal onto an optical carrier by using a 

single-drive MZM. However, due to the chromatic dispersion 

(CD) induced by fibers, the optical carrier and its sidebands are 

transmitted along the fiber at different velocities and, thus have 

different phase. The double sideband beating with different 

phase causes power fading effect, which greatly degrades the 

signal quality [22, 23]. To solve this problem, many researchers 

have focused on single sideband (SSB) modulation which 

strongly depends on narrow band optical filters or dual-drive 

MZMs and suffers from signal-to-signal beat interferences 

(SSBI) [24]. The PolM can perform simultaneous amplitude 

and phase modulations and the ratio between the two can be 

adjusted by changing the polarization state of the optical signals 

injected into the modulator, which is later used to compensate 

the dispersion-induced power fading effect [25]. Up to now, 

most of the transmission work related to PolMs focused on 

radio-over-fiber (RoF) systems and the bitrates are about 1 

Gbit/s [26-31]. Baseband transmission using PolMs is also 

reported in a wavelength-division-multiplexing passive optical 

network (WDM-PON). A 10-Gbps re-modulation scheme with 

downstream polarization shift-keying coded by a PolM and 

upstream on-off keying was demonstrated [32]. However, its 

potential for high-speed applications with a tunable frequency 

range, has not yet been experimentally demonstrated. 

This paper is an extension of our recent work published by 

OFC 2018 [33]. In this paper, we firstly propose a bandwidth-

enhanced PAM-4 polarization-modulation and direct-detection 

(PolM-DD) system at a wavelength around 1550 nm with a 

tunable frequency range after standard single mode fiber 

(SSMF) transmissions. By controlling the principal axis of the 

PBS to have an angle of α to one principal axis of the PolM, the 

peak frequency response can be shifted to the optimal position 

and the power fading effect around this frequency can be 

reduced. Comparisons between intensity-modulation and 

direct-detection (IM-DD) system with a single-drive MZM and 

PolM-DD system after SSMF transmissions illustrate that the 

proposed PolM-DD system is able to provide a wider available 

3-dB bandwidth at baseband. Therefore, without dispersion 

compensation components, the PolM-DD system is able to 

transmit higher bitrate data over the same fiber distance 

compared to the IM-DD system. In the proposed PolM-DD 

system, some digital signal processing (DSP) techniques such 

as, time-domain least mean square (LMS) pre-equalization at 

transceiver and linear LMS, nonlinear Volterra-series post-

equalizations and maximum likely sequence estimation Viterbi 

(MLSE-Viterbi) decoding at the receiver are employed to 

improve the system performances. Experimental results 

demonstrate that the proposed PolM-DD system successfully 

transmits 100-Gbps, 84-Gbps, 68-Gbps, 58-Gbps and 52-Gbps 

PAM-4 signals through 5-km, 10-km, 15-km, 21-km and 25-

km SSMF for a forward error correction (FEC) bit error rate 

(BER) threshold of 3.8×10-3 without dispersion compensation 

components, respectively. In Section II, we theoretically 

demonstrate the features of a PolM and make comparisons 

between the proposed PolM-DD and traditional IM-DD 

systems. Section III introduces our experimental test bed with a 

PolM. Section IV summarizes the experimental results and data 

analysis. Finally, Section V provides concluding remarks and 

suggests future work. 

II. THEORETICAL ANALYSIS OF THE POLM-DD SYSTEM 

Direct detection stands out by its easy implementations and 

low expense compared to the coherent-detection scheme, which 

makes it the most popular detection scheme in wideband 

communication systems. Fig. 1 gives the simple diagrams of the 

IM-DD, IQ modulation direct-detection (IQ Mod-DD) and 

PolM-DD systems. The first IM-DD system is the most 

commonly used one to modulate signals onto optical carriers 

using a single-drive Mach-Zehnder modulator (MZM). This 

scheme suffers from power fading effects induced by fiber 

dispersion and the MZM must be biased at its quadrature point 

with the bias-shifting problem. To solve the power fading 

problem, many researchers have focused on the SSB 

modulations generated by an IQ modulator or a dual-drive 

Mach-Zehnder modulator (DDMZM). A DDMZM consists of 

two parallel phase modulators (PMs) which are driven with a 

bias difference of Vπ/2 to achieve the function of IQ 

modulations. For the generation of SSB signals, the data in the 

Q branch should be the Hilbert pair of the data in the I branch 

and the two should be strictly synchronized [34]. To make the 

IQ modulation stable, usually a specially designed bias-control 

circuit and a pair of phase-controlled waveguides are required, 

which greatly increase the cost of the transmitter. Some other 

SSB signal generation schemes, such as the ones using narrow-

band optical filters, also increase the system complexity and the 

signals suffer from SSBI [24]. The PolM-DD system has a 

tunable frequency response controlled by the second PC shown 

in Fig. 1, endowing it with the ability to mitigate the power 

fading limitations caused by CD. The bias power supply is not 

necessary because the modulation curve can be controlled by 

the two PCs, therefore, the polarization modulation module, 

including a PolM, a pair of PCs and a polarization beam splitter 

(PBS), is completely passive and it does not need a source of 

power such as MZM drivers. The state of polarization in our 

experimental configuration is sensitive to drift, but this drift can 

be either mitigated by system-in-package component 

integration or photonic integrated circuits when that technology 

achieves a higher manufacturing yield. 

 
Fig. 1.  Structures of different kinds of direct-detection transmission schemes. 



The proposed PolM-DD system is schematically shown in 

Fig. 2. The PolM is equivalent to a special phase modulator that 

can support both TE and TM modes with opposite phase 

modulation indices [1]. By controlling PC1 before the PolM, a 

linearly polarized incident light is oriented to an angle of 45° to 

one principal axis of a PolM and then, complementary phase 

modulation signals are generated along the two principal axes. 

The normalized optical field at the output of the PolM along the 

two polarization axes can be expressed as 
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where ωc is the angular frequency of the optical carrier, γ is the 

phase modulation index and takes on values from 0 to 1, and 

( )t  is the modulated signal. φ0 is the phase difference between 

ExPolM(t) and EyPolM(t) and this difference can be changed by 

adjusting the PC1 placed before the PolM. The second PC2 is 

adjusted to align the polarization direction of light emerging 

from PolM so as to make the angle α with respect to the 

principal axis of the PBS. Suppose we use port x of the PBS as 

the output of the modulation module, then we have 
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As shown in Eq. (2), the lightwave is intensity- and phase-

modulated simultaneously, which is equivalent to an intensity 

modulation with a tunable chirp controlled by adjusting the 

angle α. The lightwave is transmitted only in one polarization 

state and insensitive to polarization-mode dispersion (PMD). 

Suppose the PolM is modulated by a single-frequency 

sinusoidal signal with a zero initial phase 

( ) cos( )mt t                                     (3) 

where ωm is the angular frequency of the modulation signal. 

Assume that the dispersive device has a unity magnitude 

response but a quadratic phase response, the optical signal at 

the output of the SSMF can be expressed as [25] 
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where Jn(γ) denotes the nth-order Bessel function of the first 

kind, θ0, θ+1 and θ-1 are the phase shifts that are experienced by 

the optical carrier, the upper sideband and the lower sideband, 

respectively.  

In general, the phase shift introduced by a dispersive device, 

usually fiber, can be expressed as θ(ω)=β(ω)z, where β(ω) is 

the propagation constant and z is the fiber distance. The second-

order Taylor series of β(ω) near the optical frequency ωc can be 

expressed as: 

21
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where β'(ωc) and β''(ωc) are the first- and second-order 

derivatives of β(ωc) with respect to the optical angular 

frequency. Then let ω=ωc+ωm, ω=ωc and ω=ωc-ωm, we have  

 
Fig. 2. Schematic diagram of the PolM-DD system. 

 
Fig. 4.  Theoretical 3-dB bandwidth limit of the (a) IM-DD system and (b) 

PolM-DD system at baseband over different fiber distances. 

Fig. 3. Tunable frequency response of the PolM-DD system after 21-km SSMF 

transmissions with a variable angle of α. 
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After a square-law photo detector (PD) and ignoring the 

unnecessary frequency components, the photo current is shown 

as follow: 
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By controlling PC1, the phase difference can be adjusted to 

φ0=π/2, and Eq. (7) can be written as  
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The definition of group delay is the derivative of phase shift. 

Near the optical frequency ωc, the delay can be expressed as: 
( )
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In Eq. (9), the first term group delay is τ0=zβ'(ωc) at the optical 

carrier frequency ωc. Considering the definition of the fiber 

dispersion parameter, it should be the partial derivative of group 

delay τ(ω,z) with respect to optical wavelength λ and fiber 

distance z, we get 
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Substituting Eq. (10) into Eq. (8) and replacing the β''(ωc) by 

the dispersion parameter D(λc), we arrive at an expression for 

the frequency response of the PolM-DD system, 
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As a result, a tunable frequency response is obtained by varying 

the angle α in Eq. (11) through controlling PC2 before the PBS.  

To verify the theory discussed above, simulated and 

measured frequency responses of the PolM-DD system are 

given in Fig. 3. In the measurement, we define the frequency of 

the first notch to be f1. By tuning the PC2 in the system, f1 is 

shifted from 5.13 GHz to 18.03 GHz. In the simulations, the 

parameters in Eq. (11) are λc=1552.6 nm, c=3×108 m/s, z=21 

km and D(λc)=17 ps/(km‧nm). As illustrated in Fig. 3, when the 

angle α equals to 173.2°, 153.1°, 120.0° or 96.1°, the simulated 

curve closely matches the measured frequency response of the 

system.  

Since we have a tunable frequency response in the PolM-DD 

system according to the theoretical simulated and measured 

results given above, we can shift the first notch f1 from lower to 

higher frequency positions, thus a wider available 3-dB 

bandwidth can be obtained at baseband. The tunability of 

frequency response makes it more suitable for high-speed 

communications with simple modulation formats at baseband 

such as PAM-4 signals compared to the IM-DD system. Fig. 

4(a) shows the theoretical 3-dB bandwidth limit of the IM-DD 

system at baseband for different fiber propagation distances, 

which are calculated by 
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The parameters are as defined above. From Eq. (12), we can 

obtain the 3-dB bandwidths as 
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Fig. 4(b) shows the maximum available 3-dB bandwidth of the 

PolM-DD system at the baseband. In order to shift the first 

notch to higher frequency positions as much as possible, when 

ωm=0 or DC, the normalized frequency response should be 

HPolM-DD(0)=-3 dB, thus we have α=π/12=15°. Then, the 3-dB 

bandwidth in the PolM-DD system is obtained by 
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Theoretical comparisons between the IM-DD and PolM-DD 

systems based on baseband 3-dB bandwidths demonstrate that 

the PolM-DD system has about 41.4% more available 3-dB 

baseband bandwidth than the IM-DD system. Especially when 

transmitting through 5-km SSMF, by changing the angle α to 

15°, the first frequency notch is shifted to the frequency near 35 

GHz, leaving a 31.2-GHz 3-dB bandwidth at the lower 

frequency, which is wide enough to realize 100-Gbps PAM-4 

transmissions without the help of dispersion compensation or 

 
Fig. 5(a) Measured electrical spectrum of the PolM-DD channels at different wavelengths. (b) Schematic of the WDM system based on polarization modulations. 

PMF: polarization maintaining fiber, LD: laser diode, PolM: polarization modulator. MUX: multiplexer, DEMUX: de-multiplexer. 



SSB modulation. However, for the IM-DD system, the 3-dB 

bandwidth through 5-km SSMF is about 22.1 GHz and it is not 

sufficient to realize 100-Gbps PAM-4 transmissions. As far as 

we know, there exists no published report on a 100-Gbps PAM-

4 IM-DD system successfully transmitting through 5-km SSMF 

without dispersion compensation component or SSB 

modulation at wavelength around 1550 nm. What’s more, 

because the PolM-DD system has a tunable frequency response, 

when transmitting intermediate frequency signals, such as 

OFDM or M-QAM over SSMF, we can adjust the angle α to 

other angle to get the best signal quality.  

With different angle α, the extinction ratio of the modulator 

changes. According Eq. (2), when α=π/12, the intensity 

modulation section of the optical signal becomes a little smaller, 

the index of intensity modulation deviates from its maximal 

value 1 to cos(π/12)≈0.97. Therefore, the designed scheme 

achieves the optimal frequency response at the expense of 

decreasing extinction ratio, but not too much.  

In order to verify the dependence of the frequency response 

on the wavelength, we test the PolM-DD channel through C-

band. Fig. 5(a) shows the frequency response at the 

wavelengths of 1535 nm, 1545 nm, 1555 nm and 1565 nm. The 

small variation in the response curves can be ascribed to small 

variations in the dispersion parameter D(λc). According to the 

analysis above, the optimal polarization angle α can be 15°, 

independent of wavelength position and fiber distance. While 

in the case of IM-DD system, it is necessary to change the 

dispersion compensation components as the wavelength 

changes. Fig. 5(b) shows the potential applications of PolM-DD 

systems in a WDM system. For the long-term stability, the PCs 

can be replaced by polarization maintaining fibers (PMF). The 

polarizers are designed to have a 15° discrepancy between one 

principal axis of the PolMs. Considering the WDM module 

with multiple PolMs, one polarizer can be set to the location 

after the multiplexer (MUX) to replace the multiple polarizers 

integrated at the output of the PolMs before the MUX, further 

decreasing the cost of manufacture.  

III. EXPERIMENTAL SETUP 

Fig. 6 describes the experimental setup used to verify the 

performance of the proposed high-speed PAM-4 PolM-DD 

system. Electrical baseband signals are generated by an 

arbitrary waveform generator (AWG) with a sampling rate of 

65 GSa/s and a 3-dB bandwidth of 25 GHz. After Gray code 

and PAM-4 mapping, a LMS pre-equalizer with 100 symbol-

duration delay taps is applied to adjust the uneven channel 

frequency response. Before injected into the PolM, the signals 

are resampled and passed through Nyquist filter to increase the 

frequency efficiency. After that, the signals generated by the 

AWG are injected into a 40-GHz PolM without bias power. The 

PolM is a model PL-40G-5-1550 from Versawave 

Technologies Inc. [6]. The distributed feedback laser (DFB) 

with a center wavelength at 1552.3 nm is followed by PC1, 

which is used to align the polarization direction of the incident 

light so as to make an angle of 45° with respect to one principal 

axis of the PolM. PC2 is used to adjust the angle α between the 

principal axis of the PBS and PolM. After transmissions over 5-

km to 25-km SSMF, the optical signals are sent to a PD with a 

responsivity of 0.65 A/W and a 3-dB bandwidth of 65 GHz. 

Finally, a digital oscilloscope (OCS) running at sampling rate 

80 GSa/s captures the signals. The received signal is further 

processed offline using DSP software available in Matlab. The 

post-LMS linear and Volterra-series nonlinear equalizations are 

employed to enhance the signal quality. The tap number in 

linear LMS equalizer is 100 while the tap number and nonlinear 

order of the Volterra-series nonlinear equalizer are 3 and 3, 

respectively. Then a soft-decision MLSE-Viterbi decoder with 

a trace-back length of 10 and a memory length of 4 is used to 

further increase the BER performance. In the experiments, 10% 

data in the sequence is used as training data to get the 

coefficients of equalizers and channel information. 

IV. EXPERIMENTAL RESULTS 

Fig. 7 shows the experimental frequency response of the 5-

km SSMF PolM-DD system with different polarization angles 

α. The first column in Fig. 7 is the frequency response of multi-

tone signals which have identical power at each tone, and the 

100 tones are equally distributed from 300 MHz to 30 GHz with 

300 MHz frequency interval spacing. The power fading effect 

can be easily observed from the spectrum of received multi-tone 

signals. The second and third columns in Fig. 7 are the spectra 

of the 100-Gbps PAM-4 signals without and with pre-

equalization at the transmitter. The frequency spectrum in each 

row has the same polarization angle α and the notches caused 

by CD in SSMF are located at the same frequency position. As 

illustrated in the 4th row of Fig. 7, with properly controlled 

 
Fig. 6.  Experimental setup of the 100-Gbps PAM-4 PolM-DD system. Insets (a) and (b) are the optical spectrum before PD without and with PAM-4 signal 

modulations. Inset (c) is the electrical spectrum of the multi-tone signal after PD.  AWG: arbitrary waveform generator, EA: electrical amplifier, DFB: distributed 

feedback laser, PC: polarization controller, PolM: polarization modulator, PBS: polarization beam splitter, EDFA: Erbium doped fiber amplifier, SSMF: standard 

single mode fiber, VOA: variable optical attenuator, PD: photo detector, OCS: oscilloscope.  



angle α, the first notch can be shifted to the frequency higher 

than 30 GHz, which is out of the BW scale of our OCS. These 

results verify the theoretical analyses and simulations shown in 

Section II, where we have discovered that the first notch can be 

shifted to nearly 35 GHz with a 3-dB bandwidth greater than 31 

GHz. However, the frequency response of the channel within 

the 3-dB bandwidth is not flat. This phenomenon causes critical 

inter-symbol interferences in channels. Therefore, LMS pre-

equalization is employed and a very flat spectrum of the PAM-

4 signal is observed, indicating the feasibility of the 100-Gbps 

PAM-4 transmissions through 5-km SSMF in the proposed 

PolM-DD system. 

Fig. 8 compares the multi-tone frequency response of the IM-

DD and PolM-DD systems over different SSMF distances. The 

IM-DD system is tested by substituting a one-drive X-cut MZM 

for the polarization modulation module shown in Fig. 6. The X-

cut MZM has a chirp parameter of 0 [35]. When the 

transmission distance increases from 5 km to 21 km, the 

available baseband bandwidth in the IM-DD system reduces 

from approximately 25 GHz to 13 GHz. The attenuation at the 

frequency notch caused by CD in SSMF is too large to be 

recovered by LMS pre-equalizations. As seen in Section II, 

through a 5-km SSMF, the available 3-dB bandwidth for the 

IM-DD system at baseband is about 22.1 GHz, making it 

difficult to realize 100-Gbps PAM-4 transmissions without the 

help of dispersion compensation components. While for the 

PolM-DD system, the baseband bandwidth is much higher. 

In order to verify the feasibility of the proposed system, the 

BER performances of the two systems through 10-km of SSMF 

are given as a function of data rate. According to the simulations 

in Fig. 4(a), the 3-dB bandwidth at baseband in the IM-DD 

system is about 15.6 GHz and, in theory, it can support a 62.4-

Gbps PAM-4 data stream. The BER performances in Fig. 9(a) 

verify this conclusion. When the bitrate is less than 60 Gbps, 

the PAM-4 signals in the IM-DD system is able to reach the 

FEC BER limit of 3.8×10-3. However, when the bitrates reach 

64 Gbps and 68 Gbps, which are higher than the 62.4 Gbps, the 

bandwidth of the PAM-4 signals are out of the 3-dB band of the 

channel and the BER performances greatly degrade. The 

degradation can also be seen from the progressive closing of the 

eye diagrams from IV to I in Fig. 9(a). In the case of PolM-DD 

system, the theoretical 3-dB bandwidth through 10-km SSMF 

is about 22.1 GHz, as shown in Fig. 4(b), which is much wider 

than its counterpart and can support 88.4-Gbps PAM-4 signals 

in the ideal case. The BER performances in Fig. 9(b) further 

verify the theory and demonstrate that increasing bitrate of the 

PAM-4 signals (up to 68 Gbps) has little influence on the signal 

quality because the PAM-4 signal bandwidths are still in the 3-

dB bandwidth of PolM-DD system. When the PAM-4 bitrate 

reaches 68-Gbps, the eye is still open, as demonstrated by the 

  
Fig. 7.  Frequency response of the PolM-DD system with varying polarization 
angles α when transmitting (a) 30-GHz multi-tone signals with 300-MHz 

intervals, (b) 100-Gbps PAM-4 signals without pre-equalizations, (c) 100-Gbps 

PAM-4 signals with pre-equalizations 

 
Fig. 9.  BER performances and eye diagrams of the received PAM-4 signals in 
(a) IM-DD system and (b) PolM-DD system through 10-km SSMF with 

different bitrates. 

 
Fig. 8.  Frequency response of the multi-tone signals when transmitting through 

a (a) IM-DD system and (b) PolM-DD system with varying fiber distances. 



eye diagram IV in Fig. 9(b). 

Fig. 10 shows the BER performances of the PolM-DD 

system as functions of the optical received power with varying 

transmission distances. As calculated from the bandwidths in 

Fig. 4, the theoretical bitrate limits for PAM-4 signals through 

5-km, 10-km, 15-km and 21-km SSMF can be expected to be, 

in the ideal PolM-DD system, 124.8 Gbps, 88.4 Gbps, 72.0 

Gbps and 60.8 Gbps, respectively. In the experiment, we 

successfully transmit 100-Gbps, 84-Gbps, 68-Gbps and 54-

Gbps PAM-4 signals through 5-km, 10-km, 15-km and 21-km 

SSMF, which is consistent with our analysis. In the 5-km SSMF 

case, the PAM-4 signals are limited by the bandwidth of the 

experimental equipment (mainly the bandwidth of AWG which 

is limited to 25 GHz). The influences of the LMS linear pre- 

and post-equalizers, the Volterra-series nonlinear equalizer and 

MLSE-Viterbi decoder are also studied. The post-LMS linear 

equalizer is the most important equalizer in the experiment, 

because the frequency response in the PolM-DD system 

fluctuates, mainly due to the CD in the fiber and the imperfect 

frequency response of the device. Without the LMS equalizer, 

the eye diagrams of the signals are completely closed. The LMS 

pre-equalizations at the transmitter also greatly enhance system 

BER performances by increasing the signal-to-noise ratio (SNR) 

at the low-power frequency response positions, especially when 

the data rate is high, such as 100 Gbps. The static phase shift 

φ0=0, π/2 and π in Eq. (1) corresponds to the biasing points in a 

MZM at the maximum transmission point, quadrature point and 

the minimum point, respectively. A non-ideal polarization 

direction is the one in which φ0 is off the quadrature point and 

may introduce some nonlinearities to the signals. Therefore, 

Volterra-series nonlinear equalizer is also employed to 

eliminate the possible effects due to the nonlinear impairments 

in channel. Finally, to take the full advantage of the correlation 

in signals, MLSE-Viterbi decoder is used to further increase the 

signal quality.  

Fig. 11 shows the data rate limitations of the IM-DD and 

PolM-DD systems as functions of fiber distances. The 

theoretical limits of the two kinds of systems are given by the 

3-dB bandwidths before the first notch. For the measured 

results, the upper BER limit is taken, at per convention, at 1×10-

3. From the theoretical curves in Fig. 11, the bandwidth gain of 

the PolM-DD over the IM-DD system is statically maintained 

at 41.4%, while the measured results indicate bandwidth gain 

from 28.2% to 44.4%. When transmitting the 100-Gbps PAM-

4 signals through PolM-DD system with a 5-km SSMF, fiber 

chromatic dispersion is no longer the dominant impediment, 

rather, the system becomes limited by our experimental 

equipment. 

V. CONCLUSIONS 

In this paper, we have demonstrated, for the first time, how 

to construct a simple baseband bandwidth-enhanced PAM-4 

PolM-DD transmission system with a tunable frequency range 

to mitigate the power fading effect at baseband. The power 

fading effect is caused by the CD in SSMF and greatly limits 

the transmission bandwidth and distance. In polarization 

modulations, the interplay between the intensity and phase 

modulations changes the fading effect and makes the channel 

response tunable. The proposed system transmits signals in one 

polarization state and is immune to PMD. Compared to the IM-

DD and IQ Mod-DD systems, the PolM-DD system has the 

advantage of no bias requirements and easy implementations. 

In the system reported here, when the angle α between the 

principal axis of the PBS and one principal axis of the PolM 

equals to 15°, the largest available 3-dB bandwidths at 

baseband attains irrespective of fiber distance and optical 

wavelength. We have also calculated that PolM-DD system has 

a 3-dB baseband bandwidth approximately 41% wider than the 

traditional IM-DD system. Considering the optimal angle α is 

independent of optical wavelengths and transmission distances, 

the system is also applicable to WDM transmissions. 

Comparisons between the PolM-DD and IM-DD schemes on 

the multi-tone frequency response testing demonstrate the 

bandwidth advantage of the proposed PolM-DD system. Finally, 

we have transmitted high-speed PAM-4 signals through the two 

systems. The data rate limits are obtained both theoretically and 

experimentally. Through 5-km, 10-km, 15-km, 21-km and 25-

km SSMF transmissions, the PolM-DD system successfully 

transmitted 100-Gbps, 84-Gbps, 68-Gbps, 58-Gbps and 52-

Gbps PAM-4 signals under the BER of 1×10-3 without 

dispersion compensation component, while for the IM-DD 

 
Fig. 10.  BER performances of the proposed PolM-DD system as functions of 

received power over different fiber distances. 

 
Fig. 11.  Speed limits of IM-DD and PolM-DD systems with varying fiber 

distances.  



system, only 78-Gbps, 60-Gbps, 48-Gbps, 40-Gbps and 36-

Gbps PAM-4 can be similarly obtained. The experimental 

results are in good agreement with the simulation results and 

support the feasibility of the PolM-DD system.  

The PolM-DD-based bandwidth-enhanced communication 

system is a potential candidate for the Tie-I 5G mobile fronthaul 

networks due to the employment of low-cost components, no 

need for dispersion compensation, insensitive to operation 

wavelengths in C-band and a larger usable coverage range, at 

least up to 25-km SSMF.  
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