
Lecture 13 

Performance limits

Prof. Camille Brès - camille.bres@epfl.ch

Ecole 
Polytechnique 
Fédérale de 
Lausanne 

EE 440 – Photonic systems and technology

Spring 2025



Lecture 13  slide  2

EE
 –

44
0

 |
 C

.-
S.

 B
rè

s

Overall considerations
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Performance of an optical fiber system

First step is to come up with a mathematical model describing the effect of the various systems 
components on the modulated signal.

▪ Can then estimate the shape of the received distorted signal.

In most application, the fiber can be treated as a linear system:

▪ Described by an impulse response function ℎ 𝑡  or its Fourier transform 𝐻 𝑓 , with 𝑓 the modulation 
frequency

▪ Three important parameters characterize these functions.



Lecture 13  slide  4

EE
 –

 4
40

 |
 C

.-
S.

 B
rè

s

Power transmission in fiber of length 𝐿

Fraction of the steady (unmodulated) input optical power that is received at the output of the link, 

Equals to 𝐻 𝑓  evaluated at 𝑓 = 0 Hz: 𝐻 0 = ׬ ℎ 𝑡 𝑑𝑡

For a fiber of length 𝐿 and of linear attenuation coefficient 𝛼 (km-1):

▪ Recall that loss on linear and dB scale are linked by 𝛼𝑑𝐵 ≈ 4.343𝛼

▪ Localized power losses (couplers, connectors etc) may be included in distributed units of dB/km.

𝐻 0 = exp −𝛼𝐿
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Response time of optical fiber of length 𝐿

The response time 𝑇𝑓𝑖𝑏𝑒𝑟 ~∆𝑇  is the width of ℎ 𝑡 . 

Determines the temporal spreading of the optical pulses 

Response time is proportional to the fiber length.

▪ For example, we have seen that in a single mode fiber:

▪ With ∆𝜆 is the source linewidth in nm

▪ D is the dispersion coefficient of the fiber in ps/(nm-km)

Δ𝑇 ≈ 𝐿 𝐷 ∆𝜆
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Bandwidth 

The bandwidth ∆𝜈 in Hz, is the width of the transfer function 𝐻 𝑓

In an analog system, the bandwidth determines the maximum frequency at which the input power 
may be modulated and successfully detected by the receiver

𝐻 𝑓 and ℎ 𝑡 are Fourier transform: the bandwidth is inversely proportional to the response time

▪ Coefficient of proportionality  depends on the actual profile of ℎ 𝑡
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Maximum fiber length – principal impairments

Attenuation: 
▪ Results in exponential drop of power.

▪ System’s performance becomes unacceptable if the received power 
becomes smaller than the receiver sensitivity.

Dispersion:
▪ Results in increase of the width of the optical pulses carrying the 

information.

▪ If width exceeds the bit interval, inter symbol interference (ISI) occurs

Noise:
▪ Added by optical components (amplifiers etc)

Nonlinear distortions:
▪ Associated with intense optical pulses.

▪ Cross mixing and interference of multiplexed signals.
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System performance dependence on bit rate

Effect on noise:
▪ For a fixed amount of power, higher bit rates corresponds to fewer photons 

per bit, therefore more photon noise.

Effect on sensitivity:
▪ Receiver noise increases with bit rate as ∆𝑓 needs to be larger: sensitivity 

therefore increases with bit rate.

Effect on pulse width:
▪ High bit rate means narrow pulses of light

▪ Spectrum is broader and the system more sensitive to dispersion.

Nonlinear effects:
▪ For fixed energy per bit, higher bit rate means higher power and therefore 

stronger nonlinearities.
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Attenuation limited performance – power budget
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Power budget is typically prepared in dB scale:

Attenuation limited performance – power budget

ത𝑃𝑡𝑟 − 𝑃𝐶 − 𝑃𝑚 − 𝛼𝐿𝑚𝑎𝑥 = ത𝑃𝑟𝑒𝑐

Transmitter Receiver
connector connector connector

Transmitted
power

Non-radiative
losses

Design 
margin Propagation 

losses

Received
power
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Revisiting receiver sensitivity

We can think of the receiver sensitivity in terms of the minimum numbers of photons per bit ( ത𝑛0) 
necessary to guarantee our desired BER

The optical energy per bit is therefore given as: ℎ𝜈 ത𝑛0

Receiver sensitivity (in linear scale) ത𝑃𝑟𝑒𝑐  can be written as: ത𝑃𝑟𝑒𝑐  = ℎ𝜈 ത𝑛0𝐵

Keep in mind that when thermal noise dominates, the receiver sensitivity depends on the receiver 
bandwidth and hence on the data rate …
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Power budget and bit rate

Power budget as a function of bit rate 𝐵: as 𝐵 increases, the power ത𝑃𝑟𝑒𝑐  required at the receiver 
increases (so that the energy per bit remains constant), and the maximum length 𝐿 decreases
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Design guidelines 1

The receiver sensitivity in dB scale is given by: 

ത𝑃𝑟𝑒𝑐 = 10 log10

ℎ𝜈 ത𝑛0𝐵

10−3
dBm

The maximum reach 𝐿𝑚𝑎𝑥  of the system is therefore obtained from the power budget in dB as:

𝐿𝑚𝑎𝑥 =
1

𝛼
ҧ𝑃𝑡𝑟 − 𝑃𝐶 − 𝑃𝑚 − 10 log10

ℎ𝜈 ത𝑛0𝐵

10−3

Let 𝛼f be the total loss including connectors etc, then

𝐿𝑚𝑎𝑥 =
10

𝛼𝑓
log10

ҧ𝑃𝑡𝑟 (mW)

ℎ𝜈 ത𝑛0𝐵
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Loss limits

Example with:

▪ 870 nm ( = 2.5 dB/km ), 1300nm ( = 0.4 dB/km ) and 1550 ( = 0.25 dB/km )

▪ ത𝑃𝑡𝑟= 1 mW

▪ 𝑃𝐶 = 𝑃𝑚 = 0

▪ ത𝑛0= 300 photons/bit for 870 nm,  500 photons/bit for 1300 nm and 1550 nm

Bit rate B (Gb/s)

100.1 10.010.001
10

1000

100

D
is

ta
n

c
e

 L
 (

k
m

) 1550 nm

1300 nm

870 nmCoax cable



Lecture 13  slide  15

EE
 –

 4
40

 |
 C

.-
S.

 B
rè

s

Dispersion limited performance – rise time budget
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Dispersion limited performance

When a pulse is generated by the transmitter, propagates through the fiber and is detected, it does 
not only loose power, but it also gains in width

Final pulse width 𝜎𝑟 depends not only on original pulse width 𝜎0 but also:

▪ The response time of the transmitter, 𝜎𝑡𝑟

▪ The response time of the fiber, 𝜎𝑓𝑖𝑏𝑒𝑟

▪ The response time of the receiver, 𝜎𝑟𝑒𝑐

If all functions are independent Gaussian, the width response of  entire communication system is:

𝜎𝑠𝑦𝑠
2 = 𝜎𝑡𝑟

2 + 𝜎𝑓𝑖𝑏𝑒𝑟
2 + 𝜎𝑟𝑒𝑐

2

The final pulse width is therefore : 𝜎𝑟
2 = 𝜎0

2 + 𝜎𝑠𝑦𝑠
2
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Dispersion limited performance

A principal design condition for the communication system link ensures that the width of the 
received pulse does not exceed a prescribed fraction of the bit period

▪ Dependence on the bit rate B
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Rise time budget

The rise time budget of the entire systems needs to be compatible with the intended operational bit 
rate (B)

Even if the bandwidth of individual components exceeds the bit rate, the entire system may not

▪ Can use the concept of rise time 𝑇𝑟  (in s) which is related to the bandwidth ∆𝑓 (in Hz).

𝑇𝑟 =
0.35

∆𝑓
∆𝑓 = ቐ

𝐵

2
for NRZ format

𝐵 for RZ format
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Design guideline 2

The transmitter rise time 𝑇𝑡𝑟
2

▪ Limited by the modulator operational bandwidth (or direct modulation)

The receiver rise time 𝑇𝑟𝑒𝑐
2  

▪ Limited by transit times or RC time constant

The fiber ‘rise time’ 𝑇𝑓𝑖𝑏𝑒𝑟
2

▪ Limited by dispersion 

▪ The only rise time that depends on propagation length and on the fiber type

The overall system’s rise time 𝑇𝑟  is given by

𝑇𝑟
2 = 𝑇𝑡𝑟

2 + 𝑇𝑓𝑖𝑏𝑒𝑟
2 + 𝑇𝑟𝑒𝑐

2



Lecture 13  slide  20

EE
 –

 4
40

 |
 C

.-
S.

 B
rè

s

Distance-bit rate limits

For a given receiver and transmitter, the system design is bout determining the maximum fiber 
length

▪ Only length contribution comes from the fiber rise time

Multimode fiber (MMF)

▪ Pulse broadening is dominated by modal dispersion. 

▪ For a chosen condition Δ𝑇𝐵 < 1 get:

B𝐿 <
𝑛2𝑐

𝑛1
2Δ

Δ𝑇 =
𝐿

𝑐

𝑛1
2

𝑛2
Δ
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Distance-bit rate limits

Graded index multimode fiber (GRIN)

▪ Near parabolic refractive index profile of the core

▪ Light paths have sinusoidal trajectories

▪ Differential delay between axial mode and highest mode is: Δ𝑇 =
𝐿

8𝑐
𝑛1Δ2

▪ For a chosen condition Δ𝑇𝐵 < 1 get:

B𝐿 <
8𝑐

𝑛1Δ2

Δ𝑇
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Distance-bit rate limits

Single mode fiber (SMF)
▪ We have already seen that assuming material dispersion dominates: Δ𝑇 ≈ 𝐿 𝐷 Δ𝜆

▪ For a chosen condition Δ𝑇𝐵 < 1 get : 𝐵𝐿 <
1

𝐷 Δ𝜆

▪ For a ‘broad’ spectral width source, we can take Δ𝜆 = 4𝜎𝜆. We therefore get

𝐵𝐿 <
1

4 𝐷 𝜎𝜆

Δ𝑇
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Distance-bit rates limits

When the optical source has a small spectral width, the dispersion induced broadening depends on 
the initial pulse width 0

▪ In this case, the broadening can be minimized by choosing an optimum value of 0

Pulses with smallest product of temporal/spectral widths have a Gaussian profile

▪ Transform limited pulses, which suffer the least dispersion

▪ In this case the minimum value of broadening is found to occur for 𝜎0 =
𝛽2

2
𝐿

1/2

▪ The rms broadened pulse is therefore 𝜎 = 𝛽2 𝐿 1/2

▪ For a chosen condition 4𝜎𝐵 < 1 get

𝐿𝐵2 <
𝜋𝑐

8 𝐷 𝜆2
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Dispersion limits

Example with:

▪ MMF with n1 = 1.46 and  = 0.01

▪ SMF at 1.55 m with D = 17 ps/km-nm

▪ SMF at 1.3 m with D = 1 ps/km-nm

D
is

ta
n

c
e
 L

 (
k
m

)

1

10

100

1000

1001010.10.010.001 1000

Bit rate B (Gb/s)

MMF SMF

Step index

Graded index

1.55 mm

1.3 mm

Transform

limited
s

l
 = 1 nm
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Putting it all together

D
is

ta
n

c
e
 L

 (
k
m

)
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100
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1001010.10.010.001 1000

Bit rate B (Gb/s)

MMF

SMF

Step index

Graded index

1.55 mm

1.3 mm

s
l
 = 1 nm

Transform

limited
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Evolution of systems

The evolution of fiber components and systems has been motivated by the need to increase the 
transmission bit rate B and the reach L

▪ Various operating wavelengths, materials, fibers, light sources, detector and amplifiers are used as 
building blocks
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Generation 1

First generation at 870 nm

▪ Fibers are either step-index or GRIN MMF

▪ Light source is either LED or laser diode (initially GaAs then AlGaAs)

▪ Si p-i-n detectors

 Performance limited by high attenuation (1.2 dB/km) and modal dispersion

1975 1980 1985 1990 1995 2000 2005 20101970

1
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Generation 2

Operation at 1310 nm

▪ Fibers are now SMF

▪ Light source is laser diode (initially InGaAsP)

▪ InGaAs p-i-n detectors

 Operated at lowest dispersion regime. Performance mostly limited by fiber attenuation (1.2 dB/km)

1975 1980 1985 1990 1995 2000 2005 20101970
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Generation 3

Operation at 1550 nm

▪ Light source are low-chirp single frequency distributed feedback laser diode (InGaAsP).

▪ InGaAs p-i-n detectors

 Operated at lowest attenuation. Performance mostly limited by fiber dispersion

1975 1980 1985 1990 1995 2000 2005 20101970
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Generation 4

Detection based on phase

▪ Rather than detecting intensity of the signal light directly with a photodetector, use coherent detection

▪ Light from a local source (local oscillator) is mixed with the signal at the detector

▪ It enhances the receiver sensitivity at the expense of increased complexity

▪ Commercial implementation has lagged behind in particular with the emergence of the 5th generation (but 
there is now a renewed interest for coherence systems!)
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Generation 5

Link with optical fiber amplifiers

▪ Development of SOA and fiber amplifiers had a huge impact on the performance of optical systems

▪ Compensate attenuation and dramatically extend the distance 

 Performance mostly limited accumulation of noise and dispersion
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Generation 6

Wavelength-division multiplexing (WDM)

▪ Makes use of multiple wavelengths (channels) transmitted through the same fiber to increase the capacity

▪ Supported thanks to broadband optical amplifiers that can simultaneously amplify all channels

 Performance mostly limited accumulation of noise, dispersion, mixing effects
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Where do we go now ?
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NTT technology
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One last dimension … space ?

Multi core fibers

Few modes fibers

▪ Fabrication to optimize mode coupling, and to reduce differential mode group delay

▪ Complex signal processing is required to separate coupled modes during propagation
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Hollow core fibers

A hollow core fiber is an optical fiber which guides light essentially within a hollow region. 

▪ Only a minor portion of the optical power propagates in the solid fiber material.

▪ Refractive index of core is lower than that of the surrounding cladding material ?

The guiding mechanisms are different from TIR !

▪ Can rely on photonic bandgap - Essentially, a kind of two-dimensional Bragg mirror. Therefore the 
guidance only works over a limited wavelength range. (FBGF)

▪ Can rely on inhibited coupling - structure and dimensions are engineered such that the cladding 
supports a continuum of modes strongly phase-mismatched with core modes, thus inhibiting the latter 
from escaping the core. (ARF)

▪ Tutorial: Vol. 15, No. 1 / March 2023 / Advances in Optics and Photonics

F. Poletti, Optics express 22(20), pp. 23807 (2014)
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Hollow core fibers applications ?

High capacity, low latency data transmission

▪ Combined very low nonlinearity and potential very low transmission loss

▪ Potential, in theory, to increase transmission capacity at transmission speeds that are 30% higher

Power delivery

▪ Very small fraction of light is guided in glass

▪ Important for pulsed operation where peak powers could induce detrimental nonlinear effects or even 
exceed damage threshold of material.

Guidance of UV light

▪ UV guiding fibers are highly sought after in laser and spectroscopy application

▪ Hollow core provide practical solutions for delivery of UV sustainable to high power and long term 
irradiation

Nonlinear optics

▪ The hollow core can be filled with gas (or liquid) that can tune the dispersion and nonlinear properties 
of the fiber
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Frequency combs

An optical frequency comb is an optical spectrum which consists of equidistant lines

▪ It is an optical ruler

▪ Offer a direct link between the optical and the microwave frequencies
2005
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Frequency combs

Mode-locked lasers are frequency combs
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Optical frequency combs

Laser MZM_1

f1

EDFA OSA

90%

EDFA

DPMZM
DCF -1020ps/nm

PD

VNA

PC

PC

Reconfigurable rectangular comb source

90° Hybrid

Input RF10%
f2

synchro

MZM_2

Output RF

20.3dB

(a)

(d)

20.8dB
13.8dB

(b)

(e)

(c)

(f)
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Frequency combs

Frequency combs can be generated in micro-rings

▪ Kerr frequency combs

Brasch, V. et al. 2016. Science, 351(6271), pp.357-360
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(Some) Applications

I. Coddington et al, Optica 3(4), pp 424 (2016)
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More frequency combs applications

Ref: S. Diddams

Haowen Shu et al., Microcomb-driven

silicon photonic systems
Nature February 2022
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That’s all !
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