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Abstract  One of the interesting methods reported in the literature for photonic generation of impulse 
radio-ultrawideband (IR-UWB) signals is based on a phase modulator (PM) and an asymmetric Mach–Zehnder 
interferometer (AMZI). The AMZI is electrically reconfigurable by employing a polarization modulator (PolM). UWB 
signals with different modulation formats are realized by adjusting the polarization controllers (PC) in the AMZI and the 
amplitude of the electrical drive signal to the PolM. This paper addresses the effect of PCs rotation angles on the performance 
of on-off keying (OOK) and biphase modulation (BPM) systems based on Gaussian monocycle and doublet UWB pulses. 
The simulation results reveal that there are optimum values of these rotation angles that yield minimum bit-error-rate (BER) 
of the received UWB signals at the end of the transmission fiber link. Simulation results are presented using Optisystem 
Version 13.0. 
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1. Introduction 
Ultrawideband (UWB) signals are applicable for short 

rang wireless communication systems, such as indoor 
wireless communication networks, intra-vehicle networks 
and wireless sensor network [1-4]. One of the versions of 
UWB-based communication is impulse radio (IR) which 
attracts increasing interest due to its intrinsic advantages, 
such as immunity to multipath fading, being carrier free, 
broad bandwidth, and low-power spectral density (PSD) 
[5-9]. The Federal Communication Commission (FCC) has 
allocated 7.5 GHz of spectrum for unlicensed use of UWB 
devices with 3.1-10.6 GHz band, with PSD less than -41.3 
dBm/MHz for indoor wireless communication [10-12]. The 
UWB signals are characterized by a short propagation range 
which is generally limited, by the extremely low PSD, to a 
few meters to tens of meters [13]. To overcome the short 
propagation, UWB-over-fiber (UWBoF) systems have been 
proposed to increase the transmission range [14-16]. Thus, 
generation and distribution of UWB signals in the optical 
domain have attracted considerable interest. Several 
methods have been proposed in the literature for photonic 
generation of UWB signals. Some of these methods are  
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based on nonlinear optical loop mirror [17, 18], 
Mach-Zehnder modulators [19, 20], polarization modulators 
[21-23], nonlinear fiber optics [24-26], optical filters [27, 
28], phase modulation-to-intensity modulation conversion 
[29], or cascaded refractive semiconductor optical 
amplifiers [30]. One of the interesting methods for photonic 
generation of IR-UWB signals has been presented by Pan 
and Yao [31]. They have performed a comprehensive 
investigation technique to implement on-off keying (OOK), 
bi-phase modulation (BPM), pulse position modulation, 
pulse amplitude modulation, and pulse shape modulation. 
The method is based on phase modulator (PM) and an 
asymmetric Mach-Zehnder interferometer (AMZI) as 
shown in Fig. 1.  

 

Figure 1.  Schematic diagrams of the photonic microwave bandpass filter 
based on a phase modulator [31] 
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The AMZI consists of two sections of polarization 
maintaining fiber (PMF) followed by a polarizer. Three 
polarization controllers (PCs) are inserted to adjust the 
polarization states of lightwaves before PMF1, PMF2, and 
the polarizer. The photodiode (PD) is connected at the 
output of the polarizer to perform optical to electrical 
conversion. The AMZI is electrically reconfigurable by 
employing a polarization modulator (PoLM). UWB signal 
with different modulation formats can be realized by 
adjusting these polarization controllers in the AMZI and the 
amplitude of the electric drive signal to the PolM. The study 
in [31] assumes fixed values for the rotation angles of the 
PCs (α1 = 0, 90° or 45°, α2 = α3= 45°) in order to generate 
the various UWB modulation formats. To the authors’ 
knowledge, the effect of deviations from these angle values 
is not addressed in the literature and this issue is 
investigated in this paper. The analysis presented in [31] is 
extended to take into account the effect of PC rotation 
angles. The simulation results reveal that there are optimum 
values of these angles that yield minimum bit-error-rate 
(BER) for the received UWB signals at the end of the 
transmission fiber. It is worth to mention here that this 
study can be considered as a first step toward analyzing 
optically generated UWB signals in the presence of 
components impairments and addressing its effect on the 
performance of UWBoF systems. This topic attracts little 
attention in the literature and the analysis and the results 
reported in this paper can be used as a guideline to 
investigate other optically generated UWB systems. 

2. Analysis Framework 
2.1. System Description 

Figure 2 shows a simplified block diagram of the 

reconfigurable UWB system under investigation. The block 
diagram reflects the main components of the system in Fig. 
1. To simplify the analysis, each PMF is modeled here by 
using three subcomponents. First, a polarization beam 
splitter (PBS) is used to resolve the incident field into two 
orthogonal polarization components. Then a time delay τ is 
introduced to one of the polarization components before 
combining them using a polarization beam combiner (PBC). 
The system of Fig. 2 consists of a laser diode (LD) operating 
in continuous wave (CW) mode, a phase modulator, an 
asymmetric Mach-Zehnder interferometer, and a 
photodiode. 

The AMZI consists of two sections of PMFs followed by a 
polarizer. Three polarization controllers PC1, PC2 and PC3 
are inserted to adjust the polarization of the optical wave 
before PMF1, PMF2 and the polarizer. Practically, the PD is 
the front-side of the optical receiver which receives the 
optical signal after transmission through an optical link. The 
effect of this link will be not taken into account in the 
analysis and its effect will be addressed through simulation. 
The input binary data d(t) is used to control a unipolar or 
bipolar switch driven by a series of a periodic short-duration 
Gaussian pulses to obtain OOK or BPM signaling, 
respectively. The gated Gaussian pulses are used to modulate 
the phase of CW laser through a PM which is modeled here 
using Mach-Zehnder modulator. The repetition rate of the 
Gaussian pulses is set equal to the bit rate of the binary data. 
Thus each of the data bit is spread by a single short Gaussian 
pulse. It is worth to mention here that this generating scheme 
is different from that adopted in [31] where the Gaussian 
pulses and the binary data are applied to the PM and PolM, 
respectively. Note further that the system in Fig. 2 does not 
use a PolM and hence can be used to generate OOK and 
BPM signaling only. 

 

Figure 2.  Configuration of the optical generation system. The insert shows the details of the transmission link
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2.2. System Analysis 

The normalized optical field at the output of the PM along the two polarization directions can be expressed as [31] 

𝑒𝑒𝑃𝑃𝑃𝑃(𝑡𝑡) = �
exp[𝑗𝑗𝜔𝜔𝑐𝑐𝑡𝑡 + 𝑗𝑗𝑗𝑗 𝑑𝑑(𝑡𝑡)𝑔𝑔(𝑡𝑡)]

 
0                                            

�                                   (1) 

where ωc  is the angular frequency of the optical carrier, m is the phase modulation index, g(t) is a normalized Gaussian 
pulse, and d(t) is the input binary data. The binary data d(t) is given by 

𝑑𝑑(𝑡𝑡) = �
    1

 
0
�  OOK 

𝑑𝑑(𝑡𝑡) = �
   1

 
−1

�BPM                                            (2) 

The complex transfer functions of PC and PMF can be expressed as  

𝑇𝑇𝑃𝑃𝑃𝑃(𝜔𝜔) =   �cos𝛼𝛼 𝑒𝑒𝑗𝑗∅             − sin𝛼𝛼
sin𝛼𝛼 cos𝛼𝛼

�                                (3a) 

𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃(𝜔𝜔) = � 𝑒𝑒𝑗𝑗𝜔𝜔𝜔𝜔  0
0                 1

�                                        (3b) 
where α and ∅ are, respectively, the rotation angle and phase shift introduced by the PC while τ represents the time delay 
between the two polarization components introduced by the PMF. The complex transfer function of the cascaded optical 
components (three PCs and two PMFs) can be computed using the following relation 

𝑇𝑇(𝜔𝜔) = 𝑇𝑇𝑃𝑃𝑃𝑃3(𝜔𝜔).𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃2(𝜔𝜔).𝑇𝑇𝑃𝑃𝑃𝑃2(𝜔𝜔).𝑇𝑇𝑃𝑃𝑃𝑃𝑃𝑃1(𝜔𝜔).𝑇𝑇𝑃𝑃𝑃𝑃1(𝜔𝜔)                      (4) 
If the polarizer is adjusted to select the optical signal in the direction [1 0], the optical field at the output of the polarizer can 

be computed from  
𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃(𝜔𝜔) = [1   0].𝑇𝑇(𝜔𝜔).𝐸𝐸𝑃𝑃𝑃𝑃(𝜔𝜔)                                   (5) 

where EPM (ω) is the Fourier transform of the phase modulated signal and given by 

𝐸𝐸𝑃𝑃𝑃𝑃(𝜔𝜔) ≡ ℱ{𝑒𝑒𝑃𝑃𝑃𝑃(𝑡𝑡)} = �ℱ�𝑒𝑒𝑒𝑒𝑒𝑒 �𝑗𝑗𝜔𝜔𝑐𝑐𝑡𝑡 + 𝑗𝑗𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 𝑔𝑔(𝑡𝑡)��
  0                                                 

�                                  (6) 

where ℱ{.} denotes the Fourier transform of the argument and 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒  represents the effective phase modulation index; 
𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 ≡ 𝑗𝑗𝑑𝑑(𝑡𝑡) with d(t) takes the values 0, 1, or -1 according to the logic states and signaling format. Following the analysis 
reported in [31], the optical field at the polarizer output can be expressed in frequency and time domains as follows 

  (7) 

  (8) 

where ℱ−1{. } stands for the inverse Fourier transform, 𝜃𝜃1 = 𝜔𝜔𝑐𝑐𝜔𝜔1 + ∅1 and 𝜃𝜃3 = 𝜔𝜔𝑐𝑐𝜔𝜔2 + ∅3.  

3. Generation of the UWB Signals 
3.1. Gaussian Monocycle  

To generate an UWB Gaussian monocycle, the polarization direction of the modulated light wave should be aligned with 
one principal axis of PMF1 (i.e., 𝛼𝛼1 = 90°) and let 𝜃𝜃3 =  90°, ∅2 = 0 [31]. Equation 8 is simplified to 

𝑒𝑒𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡) = − exp  (𝑗𝑗𝜔𝜔𝑐𝑐𝑡𝑡){cos𝛼𝛼2 𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼3 exp �𝑗𝑗𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 𝑔𝑔(𝑡𝑡)� + cos𝛼𝛼3 𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼2exp �𝑗𝑗�𝜋𝜋/2 + 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡 + 𝜔𝜔2)��}    (9) 

Let 𝐴𝐴 = cos𝛼𝛼2 𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼3, B = cos𝛼𝛼3 𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼2 and using the identities cos �𝑒𝑒 + 𝜋𝜋
2
� = − sin  (𝑒𝑒) and sin �𝑒𝑒 + 𝜋𝜋

2
� = cos  (𝑒𝑒) 

yields 
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𝑒𝑒𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡) = − exp  (𝑗𝑗𝜔𝜔𝑐𝑐𝑡𝑡){𝐴𝐴[cos �𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 𝑔𝑔(𝑡𝑡)� +  𝑗𝑗𝑠𝑠𝑠𝑠𝑠𝑠 �𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 𝑔𝑔(𝑡𝑡)� 

+ 𝐵𝐵[− sin �𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 𝑔𝑔(𝑡𝑡 + 𝜔𝜔2)� + 𝑗𝑗𝑐𝑐𝑗𝑗𝑠𝑠 �𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 𝑔𝑔(𝑡𝑡 + 𝜔𝜔2)�]}                    (10) 

For a small-signal modulation, |meff | is very small, sin( meff g(t)) ≈ meff g(t) and cos  (meff g(t)) ≈ 1, then  

𝑒𝑒𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡) = − exp  (𝑗𝑗𝜔𝜔𝑐𝑐𝑡𝑡){�𝐴𝐴 − 𝐵𝐵 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡 + 𝜔𝜔2)� + 𝑗𝑗�𝐴𝐴 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡) + 𝐵𝐵�}                (11) 

If the optical signal expressed in eqn. 11 is sent to a PD for square-law detection, the photocurrent is 

𝑠𝑠𝑒𝑒ℎ(𝑡𝑡) = |𝑒𝑒𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡)|2 = �− exp  (𝑗𝑗𝜔𝜔𝑐𝑐𝑡𝑡){�𝐴𝐴 − 𝐵𝐵 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡 − 𝜔𝜔2)� + 𝑗𝑗�𝐴𝐴 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡) + 𝐵𝐵�}�2 

                       = 𝐴𝐴2 − 2𝐴𝐴𝐵𝐵  𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 𝑔𝑔(𝑡𝑡 + 𝜔𝜔2) + 𝐵𝐵2 � 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 𝑔𝑔(𝑡𝑡 + 𝜔𝜔2)�
2

+ 𝐵𝐵2 + 2𝐴𝐴𝐵𝐵 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡) + 𝐴𝐴2( 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡))2 

𝑠𝑠𝑒𝑒ℎ(𝑡𝑡) = [𝐴𝐴2 + 𝐵𝐵2] + 2𝐴𝐴𝐵𝐵 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 [𝑔𝑔(𝑡𝑡) − 𝑔𝑔(𝑡𝑡 + 𝜔𝜔2)                         (12) 

Investigation eqn.12 reveals that the photocurrent corresponds to a first-order difference equation for the Gaussian pulse 
with a gain GDE = AB in addition to a DC term IDC = A2 + B2. Note that both GDE and IDC  depend on the PCs rotation 
angles α2 and α3 

𝐺𝐺𝐷𝐷𝐸𝐸 = 1
4

sin(2𝛼𝛼2) sin(2𝛼𝛼3)                                  (13a) 

𝐼𝐼𝐷𝐷𝑃𝑃 = (𝑐𝑐𝑗𝑗𝑠𝑠𝛼𝛼2 𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼3)2 + (𝑐𝑐𝑗𝑗𝑠𝑠𝛼𝛼3 𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼2)2                            (13b) 
For the special case of 𝛼𝛼2 = 𝛼𝛼3 = 45°  which is adopted in [31], eqn. 12 reduces to that reported in [31]. 

3.2. Gaussian Doublet  
To generate an UWB Gaussian doublet, the polarization direction of the modulated lightwave should be oriented to have 

45° with principal axis of PMF1 (i.e., α1 = 45° ) and let θ1 = θ3 =  90°, ∅2 = 0 [31]. Equation 8 is simplified to 

 𝑒𝑒𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡) = −1/√2 exp  (𝑗𝑗𝜔𝜔𝑐𝑐𝑡𝑡){cos𝛼𝛼2 𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼3 exp �𝑗𝑗 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡)� 

+ 𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼2𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼3 exp �𝑗𝑗 �
𝜋𝜋
2

+  𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡 + 𝜔𝜔1)�� 

 + cos𝛼𝛼3 𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼2 exp  �𝑗𝑗 �
𝜋𝜋
2

+  𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡 + 𝜔𝜔2)�� 

− cos𝛼𝛼2 𝑐𝑐𝑗𝑗𝑠𝑠𝛼𝛼3 exp  �𝑗𝑗�𝜋𝜋 +  𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 𝑔𝑔(𝑡𝑡 + 𝜔𝜔1 + 𝜔𝜔2)��}                          (14) 
Let X = sinα2 sinα3 and Y = cosα2 cosα3, then using the two trigonometric identities adopted in section 3.1 yields 

𝑒𝑒𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡) = −
1
√2

exp(𝑗𝑗𝜔𝜔𝑐𝑐𝑡𝑡). {𝐴𝐴 �cos � 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡)� + 𝑗𝑗𝑠𝑠𝑠𝑠𝑠𝑠 � 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡)�� 

    + 𝑋𝑋 �− sin � 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡 + 𝜔𝜔1)� + 𝑗𝑗𝑐𝑐𝑗𝑗𝑠𝑠 � 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡 + 𝜔𝜔1)�� 

   + 𝐵𝐵 �− sin � 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡 + 𝜔𝜔2)� + 𝑗𝑗𝑐𝑐𝑗𝑗𝑠𝑠 � 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡 + 𝜔𝜔2)�� 

+ 𝑌𝑌 �cos �( 𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡 + 𝜔𝜔1 + 𝜔𝜔2)�+𝑗𝑗𝑠𝑠𝑠𝑠𝑠𝑠 � (𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒𝑔𝑔(𝑡𝑡 + 𝜔𝜔1 + 𝜔𝜔2)��}                  (15) 

For a small-signal modulation, one can show that 

𝑒𝑒𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡) = −
1
√2

exp(𝑗𝑗𝜔𝜔𝑐𝑐𝑡𝑡) . {�(𝐴𝐴 + 𝑌𝑌) −𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 [𝑋𝑋𝑔𝑔(𝑡𝑡 + 𝜔𝜔1) + 𝐵𝐵𝑔𝑔(𝑡𝑡 + 𝜔𝜔2)]� 

+ 𝑗𝑗 �𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 [𝐴𝐴𝑔𝑔(𝑡𝑡) + 𝑌𝑌𝑔𝑔(𝑡𝑡 + 𝜔𝜔1 + 𝜔𝜔2)] + (𝑋𝑋 + 𝐵𝐵)�}                           (16) 

The photocurrent generated from the field described in eqn. 16 is given by 

 𝑠𝑠𝑒𝑒ℎ(𝑡𝑡) = �−
1
√2

exp(𝑗𝑗𝜔𝜔𝑐𝑐𝑡𝑡) . {�(𝐴𝐴 + 𝑌𝑌) −𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 [𝑋𝑋𝑔𝑔(𝑡𝑡 + 𝜔𝜔1) + 𝐵𝐵𝑔𝑔(𝑡𝑡 + 𝜔𝜔2)]� + 𝑗𝑗 �𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 [𝐴𝐴𝑔𝑔(𝑡𝑡) + 𝑌𝑌𝑔𝑔(𝑡𝑡 + 𝜔𝜔1 + 𝜔𝜔2)] + (𝑋𝑋 + 𝐵𝐵)�}�
2

 

=  �(𝐴𝐴 + 𝑌𝑌)2 + (𝑋𝑋 + 𝐵𝐵)2 +  2𝑗𝑗𝑒𝑒𝑒𝑒𝑒𝑒 {(𝑋𝑋 + 𝐵𝐵)[𝐴𝐴𝑔𝑔(𝑡𝑡) + 𝑌𝑌𝑔𝑔(𝑡𝑡 + 𝜔𝜔1 + 𝜔𝜔2)] − (𝐴𝐴 + 𝑌𝑌)[𝑋𝑋𝑔𝑔(𝑡𝑡 + 𝜔𝜔1) + 𝐵𝐵𝑔𝑔(𝑡𝑡 + 𝜔𝜔2)]}�  (17)
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Equation 17 contains a DC term [(A + Y)2 + (X + B)2] 
in addition to an ac term that reflects the second-order 
difference components. For special case of α2 = α3 = 45° 
which is adopted in [31], A = B = X = Y =  1

2
. This yields 

an ac term that is proportional to g(t) + g(t + τ1 + τ2) −
g(t + τ1) − g(t + τ2). This result is in accord with that in 
[31]. 

4. Simulation Results 
This section presents simulation results describing signal 

generation and transmission performance for both Gaussian 
monocycle and doublet UWBoF systems. The results are 
reported for both OOK and BPM modulation formats with 
625 Mb/s data rate and 1550 nm operating wavelength. Time 
delays of PMF1 and PMF2 (τ1 and τ2) are 20.1 and 40.1 ps, 
respectively. Other parameter values used in the simulation 
are as given in Table 1.  

Two types of transmission links are considered in the 
simulation. The first link consists of a single-mode fiber 
(SMF). The second link consists of a SMF and dispersion 
compensating fiber (DCF) along with their optical amplifiers. 
In this link, the average losses and dispersion is zero. The 
parameter values of SMF and DCF are listed in Table 2. This 
section contains two parts; the first part considers the case of 
α1= α3=45° while the second part addresses the effect of 
deviations of these angles from 45° on system performance.  

Table 1.  Parameter values used in the simulation 

Parameter Value 

Bit rate 625 Mb/s 

Wavelength 1550 nm 

FWHM of the Gaussian pulses 85 ps 

CW laser power 0 dBm 

MZM extinction ration 20 dB 

MZM insertion loss 5 dB 

MZM bias voltage 2 V 

Optical amplifier noise figure 4 dB 

Optical bandpass filter order 5 

Optical bandpass filter depth 100 dB 

Electrical bandpass filter order 5 

Electrical bandpass filter depth 100 dB 

Photodiodes dark current 10 nA 

Photodiodes responsivity 1 A/W 

Photodiodes thermal noise 1×10-22 W/Hz 

Electrical amplifier noise -60 dBm 

Table 2.  Optical fiber parameter values used in the simulation 

Parameter 
Value 

SMF DCF 

Attenuation, α 0.2 dB/km 0.5 dB/km 

Group velocity dispersion, D 17 ps/(ns.nm) -85 ps/(ns.nm) 

Dispersion slop, S 0.075 ps/nm2/km -0.3 ps/nm2/km 

Differential group delay 0.2 ps/km 0.2 ps/km 

Effective area, Aeff 80 µm2 22 µm2 

Nonlinear refractive index, n2 26×10-21 m2/W 26×10-21 m2/W 

4.1. Case of α1 = α3 =45° 

Figure 3 shows the generated Gaussian monocycle and 
doublet waveform along with the ideal waveforms which are 
included here for comparison purpose.  

The FWHM of the Gaussian pulse which is used to obtain 
all the waveforms is 85 ps. Note that the time-domain 
representation highlights that the signals generated in this 
work are in good agreement with the ideal waveforms. 
Received PSDs are simulated when photonically generated 
pulses are adopted in back-to-back transmission. A bandpass 
filter (3.1-10.6 GHz) is inserted after the PD to reconfigure 
the PSD according to FCC limit. The results are presented in 
Fig. 4 for both OOK and BPM formats and show that the 
PSDs of the generated signals are within FCC mask.  

 
Figure 3.  Simulated and ideal UWB pulses (a) Gaussian monocycle (b) 
doublet 
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Figure 4.  Power spectrum densities for back-to-back of (a) Gaussian 
monocycle OOK (b) Gaussian monocycle BPM (c) doublet OOK (d) 
doublet BPM 

Figure 5 depicts the received eye diagrams when the 
generated signals are adopted in back-to-back transmission 
and used later to address the effect of fiber transmission link. 

The simulation is carried further to address system 
performance when a SMF isused as the transmission link. No 
DCF or optical amplifiers are used to compensate the 
dispersion and losses of the fiber, respectively. Table 3 lists 
the lengths of the transmission fiber required to obtain a BER 
of 10-9for different signals and modulation formats. The 
corresponding received eye diagrams and PSDs are 
displayed in Figs. 6 and 7, respectively.  

 
Figure 5.  Eye diagrams of the received signals for back-to-back of (a) 
Gaussian monocycle OOK (b) Gaussian monocycle BPM (c) doublet OOK 
(d) doublet BPM 

 

Figure 6.  Eye diagrams of the received signals after transmission over 
SMF for (a) Gaussian monocycle OOK (b) Gaussian monocycle BPM (c) 
doublet OOK (d) doublet BPM 

 

Figure 7.  Power spectrum densities after transmission over SMF of (a) 
Gaussian monocycle OOK (b) Gaussian monocycle BPM (c) doublet OOK 
(d) doublet BPM 

Table 3.  SMF lengths at BER=10-9 for monocycle and doublet signaling 
systems operating with OOK and BPM modulation formats 

Pulse Type Modulation Format SMF Length (km) 

Gaussian 
Monocycle 

OOK 38 

BPM 59 

Doublet 
OOK 34 

BPM 56.5 
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The next step is to investigate system performance when 
the transmission link consists of SMF and DCF along with 
their loss-compensation amplifiers. The results 
corresponding to a BER of 10-9 are listed in Table 4 and Figs. 
8 and 9.  

 

Figure 8.  Eye diagrams of the received signals after transmission over 
optical link for (a) Gaussian monocycle OOK (b) Gaussian monocycle BPM 
(c) doublet OOK (d) doublet BPM 

 
Figure 9.  Power spectrum densities after transmission over optical link 
(SMF+DCF) for (a) Gaussian monocycle OOK (b) Gaussian monocycle 
BPM (c) doublet OOK (d) doublet BPM 

 

 

Table 4.  Transmission distances at BER=10-9 for monocycle and doublet 
signaling systems operating with OOK and BPM modulation formats 

Pulse Type Modulation 
Format 

SMF 
Length (km) 

Total Link 
Length (km) 

Gaussian 
Monocycle 

OOK 82 98.5 

BPM 122 146.5 

Doublet 
OOK 63 75.5 

BPM 107 128.5 

Note that applying doublet signal reduces the total length 
of the transmission link to 0.77 and 0.87 of that of monocycle 
signaling for OOK and BPM, respectively. 

4.2. Effect of Polarization Controllers Rotation Angles 

 

 

Figure 10.  Variation of the BER with α2 deviation for different values of 
α3  after transmission over SMF for (a) Gaussian monocycle OOK (b) 
Gaussian monocycle BPM (c) doublet OOK (d) doublet BPM 

(a) 
 

(b) 
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Figure 10.  (Continued) 

 

Figure 11.  Variation of the BER with 𝛂𝛂𝟐𝟐 deviation for different values of 
𝛂𝛂𝟑𝟑  after transmission over optical link (SMF+DCF) for (a) Gaussian 
monocycle OOK (b) Gaussian monocycle BPM (c) doublet OOK (d) 
doublet BPM 

 

 

Figure 11.  (Continued) 

 

Figure 12.  Variation of the BER with 𝛂𝛂𝟑𝟑 deviation for different values of 
𝛂𝛂𝟐𝟐 for monocycle OOK signaling 

(c) 
 

(d) 
 

(b) 
 

(a) 
 

(d) 
 

(c) 
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Table 5.  Optimum parameters of UWBoF systems using photonic generated Gaussian monocycle and doublet pulses 

Link Type Pulse 
Type 

Modulation 
Format 

Link 
Length 

(km) 

Optimum Values 
FoM 

 Opt. 
α2 

Opt. 
α3 

Opt. 
BER 

Without 
Dispersion 

Compensation 

Mono 
OOK 38 56º 38º 9.2×10-11 1.04 

BPM 59 58º 30º 3.0×10-13 3.52 

Doublet 
OOK 34 56º 58º 8.3×10-12 2.08 

BPM 56.5 54º 58º 1.6×10-11 1.80 

With Dispersion 
Compensation 

Mono 
OOK 98.5 48º 48º 8.3×10-10 0.08 

BPM 146.5 44º 46º 9.2×10-10 0.04 

Doublet 
OOK 75.5 50º 58º 1.8×10-10 0.74 

BPM 128.5 44º 58º 1.7×10-10 0.77 

 

This subsection addresses the effect of deviations of the 
angles α2 and α3 on system performance. The results are 
presented for four systems, monocycle- and doublet-based 
OOK and BPM systems. The length of the transmission link 
is set equal to the length that yields a BER of 10-9 for each of 
the four systems. It is worth to mention here that the total 
photocurrent is applied to decision circuit to estimate the 
BER characteristics. This is in contrast to the technique 
adopted in [31] which uses only the ac components of the 
photocurrent to estimate system BER. The receiver adopted 
here uses DC coupled front-end amplifiers to maintain the 
DC component of the photocurrent. Figure 10 shows the 
variation of the BER with α2 deviation and taking α3 as 
independent parameter for the four systems under 
investigation. The transmission link is assumed to be 
consisted of a SMF only. Results related to a transmission 
link consisting of SMF, DCF and optical amplifiers are given 
in Fig. 11.  

The results in Figs. 10 and 11 reveal that the BER 
performance can be improved by deviating 𝛂𝛂𝟐𝟐  from 𝟒𝟒𝟒𝟒° 
and this deviation depends on the value of 𝛂𝛂𝟑𝟑 . This 
conclusion is also drawn when one consider the deviation of 
BER with 𝛂𝛂𝟑𝟑  for different values of 𝛂𝛂𝟐𝟐  (see Fig. 12 for 
monocycle OOK system). 

The above results lead to the main finding that angles 𝛂𝛂𝟐𝟐 
and 𝛂𝛂𝟑𝟑 should be chosen carefully to minimize the BER for 
each of the four systems. This is a two-dimensional 
optimization problem and it is here performed for the four 
systems and for both types of the transmission links. Table 5 
lists the optimum values of 𝛂𝛂𝟐𝟐 and 𝛂𝛂𝟑𝟑 that give minimum 
BER. These results correspond to two transmission links, 
one consists of SMF while the other consists SMF and DCF 
with their optical amplifiers. The last column of this table 
lists the values of a performance measure parameter which is 
denoted by Figure of Merit (FoM) 

FoM = Log BER (45°,45°)
BER (α2,α3)

               (18) 

 

This parameter is introduced here to quantively measure 
the effect of deviations of rotation angles from  45°  on 
system performance. The results in Table 5 indicate clearly 
that BER performance can be enhanced by optimizing the 
rotation angles 𝛂𝛂𝟐𝟐  and 𝛂𝛂𝟑𝟑  and this effect is more 
pronounced when the transmission link consists of a SMF 
only. The monocycle BPM system offers the best 
performance (FoM=3.52) when operates under optimum 
conditions. In contrast, the optimum rotation angles do not 
yield notable BER performance enhancement when the 
monocycle OOK and BPM system redesigned with fully loss 
and dispersion compensation. 

 

Figure 13.  Optimum power spectrum densities after transmission over 
SMF of (a) Gaussian monocycle OOK (b) Gaussian monocycle BPM (c) 
doublet OOK (d) doublet BPM 

The corresponding optimum PSDs and optimum received 
eye diagrams are given in Figs. 13-16. 
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Figure 14.  Optimum received eye diagrams after transmission over SMF 
of (a) Gaussian monocycle OOK (b) Gaussian monocycle BPM (c) doublet 
OOK (d) doublet BPM 

 

Figure 15.  Optimum power spectrum densities after transmission over 
optical link (SMF+DCF) for (a) Gaussian monocycle OOK (b) Gaussian 
monocycle BPM (c) doublet OOK (d) doublet BPM 

 

Figure 16.  Optimum received eye diagrams after transmission over 
optical kink (SMF+DCF) for (a) Gaussian monocycle OOK (b) Gaussian 
monocycle BPM (c) doublet OOK (d) doublet BPM 

5. Conclusions 
The analysis presented in [31] has been extended to take 

into account the effect of PCs rotation angles on the 
transmission performance of optically generated Gaussian 
monocycle and doublet UWB pulses. Simulation results 
have been reported for 625 Mb/s fiber communication 
systems operating with or without dispersion compensating 
fiber. The simulation results reveal that the BER 
performance can be enhanced by optimizing the rotation 
angles of the polarization controllers and this effect is more 
pronounced when the transmission link consists of a SMF 
only. The monocycle BPM system offers the best 
performance (FoM=3.52) when operates under optimum 
conditions. In contrast, the optimum rotation angles do not 
yield notable BER performance enhancement when the 
monocycle OOK and BPM systems are redesigned with fully 
loss and dispersion compensation. 
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