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The growing demand for high-frequency communication in 6G applications has led to significant interest in millimeter-wave 
(mm-wave) signal generation. To address many of the issues that electronic components confront, photonic methods that 
transfer signals into the optical domain for processing present a possible way forward. This paper explores the use of a 
Semiconductor Optical Amplifier-based Ring Cavity Laser System for the generation of mm-wave signals through optical 
signals. The proposed scheme eliminates the need for an external laser or pump source, thereby substantially reducing the 
system's complexity and cost. The transmission performance is evaluated by modulating 10 Gbps data and transmitting it 
over 50 km of optical fiber, that achieves a satisfactory Bit Error Rate (BER) and clear eye diagrams. Furthermore, this 
scheme can generate tunable mm-waves ranging from 1 GHz to several THz, with output power of around -15.4 dBm at 
200 GHz.  
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1.  Introduction 

 
The relentless progression of mobile communication 

technologies is propelling the exploration of ultra-high-

frequency spectra, driven by the insatiable demand for 

unprecedented data throughput and near-instantaneous 

latency envisioned for 6G-era applications. Millimeter-

wave (mm-wave) frequencies, typically in the range of 30 

GHz to 300 GHz, are viewed as a promising solution to 

meet these requirements [1, 2]. However, the use of mm-

waves for mobile communications has been considered 

impractical due to their high propagation losses and 

susceptibility to signal blockage. These signals are easily 

obstructed not only by physical barriers such as buildings 

and vegetation but also by human bodies, making the 

deployment of mm-wave networks challenging, 

particularly in urban environments [3]. Despite these 

challenges, recent developments have led to increased 

interest in mm-wave technologies, as they offer vast 

bandwidths and high data transmission rates, essential for 

the expected data traffic growth in the coming decades [4]. 

To overcome the limitations posed by propagation losses 

and ensured reliable communication; it is crucial to 

integrate high-performance components that can 

compensate for these losses and enhance the overall 

network coverage. Semiconductor Optical Amplifiers 

(SOAs) have emerged as a promising solution to address 

these issues in mobile communication systems. SOAs 

offer several advantages, such as their ability to amplify 

signals effectively, thereby extending the reach of signals 

and improving network performance. Unlike traditional 

electronic amplifiers, SOAs operate optically, which 

significantly reduces the losses encountered in 

conventional wireless transmission and enables more 

efficient signal propagation over long distances. SOAs are 

characterized by several key features that make them 

particularly suitable for mm-wave generation in 6G 

applications. These include their substantial nonlinearities, 

which allow for efficient signal amplification and 

frequency conversion; low power consumption, which is 

essential for sustainable operation in next-generation 

networks; wavelength tunability, offering flexibility in 

system design; a wide dynamic range and rapid response, 

which enhance signal integrity and system responsiveness; 

and their compact size, allowing integration into small, 

cost-effective chips [5-8]. Additionally, the cost-

effectiveness of SOAs, especially in comparison to other 

optical amplifiers like Erbium-Doped Fiber Amplifiers 

(EDFAs), makes them an attractive option for systems 

where minimizing complexity and cost is crucial. Unlike 

EDFAs, which require an external pump laser to operate, 

SOAs integrate all necessary components on a single chip, 

eliminating the need for additional, expensive pump 

sources. This inherent simplicity and cost-efficiency, 

combined with their robust performance in high-frequency 

ranges, position SOAs as an ideal candidate for use in the 

generation and amplification of signals for 6G 

communication networks. This paper explores the 
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potential of SOAs for mm-wave generation in the context 

of 6G communication systems. The role of SOAs in 

mitigating the challenges of signal attenuation in the ring 

cavity, enhancing network reach, and ensuring cost-

effective integration into next-generation mobile networks 

is examined. By leveraging the unique properties of SOAs, 

this work aims to contribute to the development of 

scalable, efficient, and high-performance systems that will 

enable the deployment of reliable mm-wave 

communication networks for 6G applications. 

2. SOA-based ring cavity laser system  
    architecture 
  
The schematic representations of the signal generation 

system, RoF system, and receiver block in the SOA-based 

Ring Cavity Laser System architecture are shown in Figs. 

1(a), 1(b), and 1(c), respectively.  

        

 

 
 

Fig. 1(a). Signal generation system (colour online) 

 

 

Fig. 1(b). RoF system (colour online) 

 
Fig. 1(c). Receiver block (colour online) 
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In this system, the SOA is optimized to deliver a 

strong optical output at 1550 nm. The intense output 

spectrum is split into a dual-frequency spectrum, centered 

at 193.8 THz and 194 THz, with a frequency separation of 

approximately 200 GHz which is the intended frequency. 

These frequencies are then combined and fed into the 

coupler. The output from the coupler is directed to convert 

noise bins to parameterized signal and subsequently 

converted into sampled signals for simulation purposes. 

The sampled output is then split into two signals using a 

rectangular optical filter with a bandwidth 5 GHz and the 

signal at 193.8 THz is modulated using a Mach-Zehnder 

Modulator (MZM). A Pseudo-Random Bit Sequence 

Generator, operating at a data rate of 10 Gb/s, generates a 

random bit sequence that is fed into a Non-Return-to-Zero 

(NRZ) pulse generator. The output of the NRZ pulse 

generator is then applied to the MZM to produce the 

optical modulated signal. This modulated signal, along 

with the signal at 194 THz, is sent into the multiplexer. 

The multiplexed signal is passed through an attenuator, 

which reduces the optical signal power by 25 dB before 

being transmitted through a 50 km optical fiber. This fiber 

is followed by a 10 km-long Dispersion Compensating 

Fiber (DCF), with optical amplifiers placed after each 

fiber to compensate for the span loss forming a closed 

loop. The dispersion parameter for a 50 km long SMF is 

17 ps/nm-km [9]. As a result, the total accumulated 

dispersion is 17 × 50 = 850 ps/nm. This amount of 

dispersion can be compensated using a 10 km long DCF 

with a dispersion of -85 ps/km-nm, as illustrated in Fig. 2. 

On the receiver side, the APD converts the optical 

signal into an electrical signal, which is then split into two 

equal parts and passed through Bandpass Rectangular 

Filters to extract the 200 GHz frequency signals. Both 

signals are then fed into the mixer, thereby eliminating the 

need for an RF Local Oscillator. The output of the mixer 

generally yields an intermediate frequency (IF) signal, 

resulting from the mixing process between the incoming 

signal and the local oscillator signal, which, in this case, is 

the extracted 200 GHz signal. The intermediate frequency 

can correspond to either the sum or the difference of the 

two frequencies involved in the mixing process. In this 

case, it is 400 GHz, as shown in Fig. 2(l). The output of 

the mixer is subsequently passed through a low-pass filter 

(LPF) to recover the transmitted data in the proposed 

system as shown Fig. 2(m). The values of the Q-factor, 

Log (BER), and received power are shown in Table 2. 
 

 

3. Numerical analysis 
 

For the ease of convenience, consider a basic 

sinusoidal data source that is applied to modulate the 

signal using a single-drive Mach Zehnder Modulator at the 

transmitter. At the receiver, the target millimeter-wave 

(mm-wave) carrier frequency is detected following the 

photodetector (PD). The electric fields corresponding to 

the two signals in the proposed scheme can be expressed 

as [10]:  

A1(t) = A1 exp j (2πf1t + 1),            (1) 

 

A2(t) = A2 exp j (2πf2t + 2),      (2) 

 

Here A1 and A2 represent the peak amplitudes of the 

electric fields, while f1 and f2 denote the optical 

frequencies of the two signals. The desired mm-wave 

frequency fmmw is given by the difference f1- f2. The phase 

noises of the two independent signals are represented by 

1 and 2. For simplicity we assume that A1 = A2 = 1 and 

the modulating signal is sinusoidal, which can be 

expressed as m(t) = m cos (2πfmt). 
Fig. 1(b) illustrates the principle of the proposed 

scheme, where a single carrier is modulated, while the 

other signal is transmitted as an optical local oscillator 

(LO) in parallel with the modulated carrier. Accordingly, 

the electric fields of both the modulated and unmodulated 

optical carriers can be expressed as follows: 

 

V1(t) = exp j [2π    
 

 
(    2π    

                                          
 
]                                    (3) 

  

V2(t) = exp j (2πf2t + 2).              (4) 

 

In equation (3), m represents the modulation index of 

the single-drive Mach-Zehnder modulator (MZM), fm 

denotes the frequency of the modulated millimeter-wave 

signal, and θ refers to the bias phase shift of the modulator. 

The Bessel representation is expressed as: 

 

V1(t)  ∑    
      (

 

 
) exp j (2 (   

                                  
 

 
   

 
)                     (5) 

 

V2(t) = exp j (2πf2t + 2).           (6) 

 

Here,    (
 

 
) represents the Bessel function of the 

first kind of order n with the argument 
 

 
 which is used to 

generate all orders of sidebands resulting from external 

modulation. The transfer function for the dispersive 

element of the single-mode fiber (SMF) is expressed as: 

 

H(jω) = exp ( 
 

 
     

 ) 

 

The system frequency response is denoted by  , the 

fiber length by  , and the second-order fiber dispersion 

coefficient owing to chromatic dispersion by  2. 

After transmission through the single-mode fiber 

(SMF), Equations (5) and (6) are modified as follows: 
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Vf1(t) = ∑    
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Vf2(t) = exp j (2πf2t + 2). exp ( 
 

 
     

 ).     (7) 

 

The analytical expression after the photodetector (PD) 

can be written as: 

 

ip (t) =  x ∑   
    ∑   
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   

 )        + exp j [2π{(  -   ) + 

+ (n – p)  }t + ( 
 
   

 
  +  ]                (8) 

Here,  represents the responsivity of the 

photodetector (PD). The beating process occurs in the PD 

between the generated sidebands and optical carriers. The 

interaction between the two optical modes leads to the 

generation of the desired electrical signal at the millimeter-

wave range, along with various orders of electrical 

harmonic components. The last three terms in Equation (8) 

clearly demonstrate the desired modulated millimeter-

wave frequency at (f1 – f2) along with the corresponding 

uncorrelated phase noise (
 
   

 
 . Phase noise in SOAs 

can significantly impact optical communication systems, 

particularly those employing coherent detection. While 

SOAs effectively amplify signals, they introduce phase 

noise mainly due to amplified spontaneous emission 

(ASE), carrier density fluctuations, and nonlinear effects 

such as four-wave mixing (FWM). 

ASE is inherently random in phase and when 

amplified, broadens the signal linewidth, leading to 

potential bit errors in coherent systems [12, 14, 16-20]. 

Carrier density fluctuations induce intensity noise, 

which changes the refractive index and leads to phase 

variations in the amplified signal [12, 14-16]. 

 FWM, a nonlinear mixing process, can transfer phase 

noise from pump and signal waves to generated conjugate 

waves, affecting wavelength conversion performance [12]. 

These phase noise effects can distort signal 

constellations, increasing bit error rates [12, 13, 21-23]. 

Common mitigation methods include: 

(i) Using SOAs with lower linewidth enhancement 

factors and optimizing bias currents and input powers [13, 

24-26]. 

(ii)  Employing modulation formats less sensitive to 

phase noise, such as DPSK [24, 27-29]; and Implementing 

phase noise cancellation techniques at the receiver [12, 

13]. 

However, in the proposed architecture, the SOA 

operates without an external laser input. Instead, the 

system generates signals by amplifying ASE within a ring 

cavity, where the ASE undergoes constructive interference 

through controlled recirculation. As the signal generation 

process originates from ASE noise itself, traditional 

concerns regarding phase noise – which primarily relate to 

preserving the coherence and spectral purity of external 

laser inputs – are not directly applicable. Rather, the ring 

cavity design inherently manages phase noise by 

selectively enhancing specific longitudinal modes, 

resulting in stable millimeter-wave beat signals without 

requiring external phase noise suppression techniques such 

as injection locking or linewidth narrowing. 

 

 

4. Experiment and results 
 
The schematic for mm-wave generation is presented 

in Fig. 1. It is hypothesized that an optimized 

Semiconductor Optical Amplifier (SOA) can achieve peak 

gain, with the relevant parameters of the optimized SOA 

detailed in Table 1. The saturation power of the SOA is a 

critical factor in achieving peak gain, as it significantly 

influences both the linear and nonlinear characteristics of 

the amplifier. The saturation power is given by the 

equation (Connelly, 2002): 

 

Psat = 
 

 
 . Is 

 

where A represents the active region cross-sectional area, 

Γ denotes the optical confinement factor, and Is is the 

saturation intensity, expressed as: 

Is =  
  

        
 

Here, h is Planck’s constant, aN is the differential 

modal gain, v is the optical frequency, and τ is the 

spontaneous carrier lifetime. To enhance the saturation 

output power, it is essential to minimize the optical 

confinement factor Γ, as it is inversely proportional to the 

saturation power. The optimization of injection current is 

necessary since lower bias currents result in reduced gain 

and lower saturation output power [11]. The parameters of 

the SOA were optimized using the Multi-Parameter 

Optimization (MPO) tool in the Optisystem simulation 

environment, and the optimized values are summarized in 

Table 1. The confinement factor was set to 0.4. While 

higher confinement factors can increase modal gain, they 

also lead to higher carrier density depletion, resulting in 

faster gain recovery but potentially reduced saturation 

output power. A confinement factor of 0.4 provides a 

balance between modal gain and output power stability. 
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The bias (injection) current significantly influences 

carrier pumping rate and thus optical gain by increasing 

the electron density in the excited state. However, higher 

bias currents lead to increased power consumption and 

thermal effects [30]. Therefore, a bias current of 0.45 A 

was chosen to ensure sufficient gain while maintaining 

thermal stability and efficiency. The active region length 

was set at 600 μm. Increasing the length enhances optical 

gain due to the longer interaction path between carriers 

and photons, but excessive length can introduce amplified 

spontaneous emission (ASE) noise and increase device 

footprint. A length of 600 μm was thus selected as an 

optimal compromise. These SOA parameters are feasible 

for real-world fabrication using established semiconductor 

manufacturing techniques such as Molecular Beam 

Epitaxy (MBE) and sub-micron photolithography, 

enabling precise control over layer composition and 

thickness [31-33]. Other parameters were retained at their 

nominal values to isolate and analyse the impact of these 

critical design variables on system performance. This 

comprehensive parameter optimisation ensures that the 

SOA design is practical, efficient, and well-suited for the 

proposed application. 

The adjustments resulted in highly intensified 

amplified pulses as shown in Fig. 2(a). Then the desired 

mm-wave can be generated by optical heterodyning. When 

two optical signals with central frequencies ω1 and ω2 (in 

this case, ω1=194 THz and ω2=193.8 THz) are transmitted 

through an optical system and then mixed or "beat" at a 

photodetector, the result will be a difference frequency 

signal that lies in the millimeter-wave (mm-wave) range as 

demonstrated by the Equation (8).  

The output of the Avalanche Photodiode (APD), as 

shown in Fig. 2(k), contains a clear difference frequency 

signal within the millimeter-wave (mm-wave) range at 200 

GHz, resulting from optical heterodyning between two 

optical carriers at 194 THz and 193.8 THz. This confirms 

successful generation of the intended mm-wave beat 

signal. The detected mm-wave signal was then split into 

two paths and fed into a mixer for frequency down-

conversion. The mixer output, shown in Fig. 2(m), was 

passed through a low-pass filter (LPF) to remove higher-

order frequency components and noise. The resulting time-

domain waveform exhibits a well-defined periodic 

structure, indicating that the signal’s integrity is preserved 

during down-conversion. 

 
 

 

Table 1. Optimized SOA parameter 

     

Parameter   Values 

Injection current   0.45A 

Input facet reflectivity  5e-5 

Output facet reflectivity  5e-5 

Active length   0.0006 m 

Width    0.4e-6 m 

Height    0.4e-6 m 

Optical confinement factor  0.4 

Recombination coefficient  360e+006 1/s 

Group velocity   75e+006 m/s 
Temperature   300 K 

                      

  
Table 2. Log (BER), Q-factor and received power of the SOA-based ring cavity laser system 

 

Parameter Values 

Log (BER) -56.057      

Q-factor 15.81    

Received Power (dBm) -15.4 
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(a)                                                   (b) 

             
 

(c)                                                                                                (d) 

              
(e)                                                   (f) 
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(g)                        (h) 

                
 (i)                   (j) 

                 
 (k)       (l) 
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(m)                                              (n) 

 

Fig. 2. Output spectrum (a) after SOA (b) after Bessel Filter (193.8 THz) (c) after Bessel Filter (194 THz) (d) after Coupler (e) after 

Convert to Parameterized (f) after Convert to Sampled Signals (g) after MZM (h) after MUX (i) after Attenuator (j) after Transmission 

loop (k) after APD (l) after Mixer (m) Low Pass Filter (LPF) (n) BER Analyzer (colour online) 

 

 

 
 

Fig. 3. Comparison of RZ and NRZ schemes (colour online) 

 
 

To assess data modulation performance, both Non-

Return-to-Zero (NRZ) and Return-to-Zero (RZ) formats 

were simulated. As shown in Fig. 3, NRZ modulation 

achieved a lower Bit Error Rate (BER) compared to RZ. 

This performance improvement is attributed to NRZ’s 

higher spectral efficiency and better signal-to-noise ratio 

(SNR), making it more robust against distortions and noise 

during optical-to-electrical conversion. 

Overall, these results demonstrate that the proposed 

system effectively generates high-frequency mm-wave 

signals with preserved data fidelity, especially under NRZ 

modulation, validating its suitability for high-speed 

wireless communication applications. 

 

 

5. Conclusion       
 

This paper investigates the use of a Semiconductor 

Optical Amplifier-based Ring Cavity Laser System for 

generating millimeter-wave signals in 6G communication 

applications. The novelty of the proposed scheme is that it 

eliminates the need for an external laser or pump source, 

reducing both complexity and cost. Experimental results 

show successful 10 Gbps data transmission over 50 km of 

Optical fiber with satisfactory Bit Error Rate (BER) and 

clear eye diagrams. The system also enables tunable mm-

wave generation from 1 GHz to several THz, with an 

output power of around -15.4 dBm at 200 GHz. These 

results highlight the proposed scheme as a promising 

solution for efficient and cost-effective mm-wave signal 

generation in future high-frequency communication 

systems. 
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