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Abstract The introduction of optical amplifiers has drastically increased the capacity and

the reach of optical transmission links. However, they add Amplified Spontaneous Emission

(ASE) noise, which progressively degrades the Signal to Noise Ratio (SNR) when cascaded

and ultimately limits the transmission reach and performance. This is conventionally off-

set using regenerators, typically Optical-Electrical-Optical (OEO) conversion devices, that

recreate the signal restoring its source SNR, albeit with bit errors due to the hitherto accumu-

lated noise. These OEO regenerators tend to be expensive and add to the link latency, which

sets the scene for widespread commercial implementation of all-optical regenerators in the

near future. Our work aims to analyze the ideal, best-case theoretical gains achievable using

an all-regenerator optical link as compared to an all-repeater link. So, this analytical study

serves as a benchmark against which future link performance gains can be compared. We

also translate this bound on BER advantage to extra reach or lower transmission power. We

compare and contrast the evolution of noise power and BER down the link using the derived

analytical expressions. The theoretical comparative study is then evaluated by incorporating

the physical parameters of the devices. Both results agree and prove the dramatic increase in

link reach achievable using all-regenerator links with minor input power penalties. Further,

certain approximations to reduce the computational overhead for the described methods are

proposed, which should find applications in dynamic reconfigurable optical networks.

Keywords Optical Amplifiers · EDFA · Optical Regenerators · BER · SNR · Performance

analysis

1 Introduction

Optical networks are now ubiquitous and of cardinal significance in today’s high-speed com-

munication infrastructure, owing to their huge bandwidth, low losses, excellent Electromag-
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netic Interference (EMI) performance, small size, and flexibility [2], [4]. Fiber optics are

deployed not just in the backbone network but also in applications such as optical fronthaul-

ing for 5G wireless data transport [28], [18], [7]. The introduction of the EDFA in the early

1990s was a major advancement as the amplification could be achieved in the optical do-

main and hence avoiding the cumbersome and costly OEO conversion [10], [26]. Further,

EDFA has a broad bandwidth and hence could amplify different wavelength channels simul-

taneously, which paved the way for WDM in Intensity Modulated Direct Detection (IMDD)

systems and resulted in an explosion of available fiber bandwidth capacity [11].

EDFA (interchangeably referred to as optical repeater, 1R regenerator in this work)

works on the principle of stimulated emission, and hence the inevitable spontaneous emis-

sions add to the signal as noise [9] [2]. This degrades the SNR, and in the case of long cas-

caded links, the noise keeps accumulating, which fundamentally limits the optical link reach

[29]. Further, these long repeated links also aggravate other impairments like nonlinearities

and dispersion. For example, Self Phase Modulation (SPM) may put an upper bound on the

allowed transmitting power (and repeater gain) for a reasonably long (say >10 repeater)

link [2]. Hence OEO Regenerators had to be introduced after several repeaters to rebuild the

signal, restoring its SNR. These early OEO optoelectronic regenerators can be thought of

as receive-transmit pairs, which would detect the signal, makes the bit decisions, and then

transmits the bits towards the receiver of the optical link [27]. This would add bit errors,

owing to the noisy input, but increase the optical reach significantly. Subsequently, the BER

accumulation may prove to be the limiting factor. Regenerator spacing was typically around

600-800 km at the dawn of the millennia [2], which have since increased.

However, other than introducing bit errors, these optoelectronic regenerators are band-

width limiting, expensive and their implementation with WDM can be complex and chal-

lenging, as each channel has to be individually demultiplexed and processed separately

[16]. This opens up huge opportunities for all Optical Regenerators: high speed, low la-

tency, lower-powered replacements, which can also handle different modulation formats

[20], [12]. But these all-optical 3R regenerator technologies are yet to mature, though lots

of commendable works are being reported [17], [23], [24], [25].

This paper proposes some abstract models for EDFA, OEO Regenerators, and all-optical

regenerators to compare and contrast their absolute performance advantages. We derive and

compare the theoretical BER performance limits for all-regenerator/repeater links and inter-

pret those results around physical considerations. Then we reinterpret the BER advantage of

all-regenerator link in-terms of extra reach and lower signal powers. These raw performance

estimates can be used to benchmark advancements in the current hybrid repeater regenera-

tor systems and future all-optical regenerator systems. They can also serve as a baseline for

more involved analysis, including advanced modulation schemes. Next, we have considered

some typical EDFA physical parameters and various noise mechanisms at the detector to

derive the expressions for a more realistic link. Further, some approximations are explored

that can improve the computational performance of the above analysis. We conclude by

providing more insights into the results that we obtained.

One of the earliest studies of noise accumulation comparison is done by Schiess et.al.

[27], where pulse shape evolution and noise evolution were compared between analog OEO

repeaters and EDFA links. Ohlen et al. [22] proved that even a small nonlinearity in an opto-

electronic repeater response could reduce BER accumulation compared to their linear coun-

terparts. These works [27], [22] predated optical regenerators and were meant to compare

EDFA links and OEO repeaters (not regenerators - which generally included clock recov-

ery and decision logics) with added nonlinearities for noise suppression. Mork et al. [21]

derived approximate analytical expressions for BER in cascaded all-optical 2R regenerators
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and shows even moderate reshaping can significantly reduce noise build-up. Zhu et al. [30]

extend this by investigating timing jitter and pattern dependence. Later, cascaded operation

of 50 MZI-SOA based 3R regenerator over an advanced modulation is detailed in Ref [15].

Cascaded burst mode optical 2R regenerators are modeled in Ref [8]. However, in all the

above works, the model used is complicated, implementation-specific, and the bit-inversion

along the link is not considered. We propose a more general, simplistic, lightweight model

considering the bit-inversion down the link. The proposed model should apply to any ideal

IMDD (current and future) 3R regenerator irrespective of the underlying implementation

technology.

The paper is organized as follows: Section 2 introduces the theoretical analysis based

on some assumptions. Section 3, introduces some Q function approximations and its ap-

plication to the problem. Section 4 deals with more physical aspects of the problem and

introduces various noise mechanisms and BER analysis. Sections 5 and 6 describes various

results and inferences from sections 2 and 4 respectively.

2 Theory - Ideal BER Performance

We first derive the abstract BER performance of all-repeater and all-regenerator links with-

out looking into its causes [19], which is later explored in section 4. Note that we use

EDFA/Repeater/Amplifier interchangeably and not to be confused with some literature terming

regenerator (here) as a repeater.

2.1 All (1R) Repeater Link

Consider an ’M’ repeated distortionless all-repeated link, with each repeater providing just

enough gain to offset the losses of the preceding section. As the SNR degrades gradually,

we have,

SNRm =
SNR1

M
(1)

where SNR1(,
(

S
N

)

1
) is the SNR after single hop for simple modulation schemes (ON-

OFF signalling or BPSK or Binary PAM) as given by [5]. Correspondingly we have the

probability of error (BER) as,

Prep
e = Q

[
√

1

M

(

S

N

)

1

]

(2)

These relations show the progressive noise build-up and its implications on BER as the link

extends further. So, the input power has to be linearly increased with link length to maintain

the target BER, which can introduce Kerr-non-linearity and deteriorate the performance.

2.2 All 3R Regenerator Link

It is rather the bit errors that add up one hop to the next in an all-regenerated link. Define

BER after a single hop to be [2],

BER1 = α = Q

[
√

(

S

N

)

1

]

(3)
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Now, analysing using results from sec 11.2 of [5] the BER of M regenerator link, P
reg
e , can

be expressed as,

Preg
e = ∑

i odd&<=M

Pl(i) =

(

M

1

)

α (1−α)M−1 +

(

M

3

)

α3 (1−α)M−3 + . . .

+

(

M

l

)

α l (1−α)M−l
(4)

where, l is the largest odd number <= M. When α << 1 and M is not too larger, which are

very reasonable approximations in our case, this can be approximated to,

Preg
e ≈ Mα (5)

So, it is evident that in all 3R regenerator cases, BER build-up is much more gradual and

manageable compared to the SNR degradation-based BER of all-repeater links. This is fur-

ther evident in the results section 5.

2.3 Improvement in Transmission Reach

The BER superiority of the all-regenerator link can be made to translate into other gains,

like increased link reach or reduced transmit powers. Towards computing the extra reach

afforded by the all-regenerator link, we equate the RHS of Eq. 2 and Eq. 4 and numerical

solve for the number of stages (Mrep and Mreg) for both cases at different values of SNR, as

given below.

Q

[
√

1

Mrep

(

S

N

)

]

=

(

Mreg

1

)

α (1−α)Mreg−1 +

(

Mreg

3

)

α3 (1−α)Mreg−3 + . . .

+

(

Mreg

l

)

α l (1−α)Mreg−l
(6)

where l is the largest odd term <= Mreg, and α is the single hop BER. The results are

detailed in section 5.

2.4 Reduction in Launched Power

Again, we try to translate the BER advantage of the all-regenerator link to reduce the trans-

mitted power, which may even help reduce nonlinearities of the link if it had a high transmit

power to start with. We calculate and visualize this by computing the SNR levels that could

equate both schemes’ BER performance and plot their ratio at different link lengths. So we

have,

Q

[

√

1

M
(SNRrep)1

]

=
l

∑
odd i

(

M

i

)

α i(1−α)M−i (7)

where α = Q
[√

SNRreg

]

and l is the largest odd term <= M . Given M and SNRrep, nu-

merically SNRreg is searched to satisfy the equality and is repeated for various M. As can

be seen in the results section, significant power savings can be had. Note, this does not take

into consideration the wall plug efficiency of the repeater/regenerator devices.
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3 Approximate Expressions for BER

The physical interpretation (that regenerator’s case is better, which is intuitive) is not imme-

diately evident from expressions derived in the last section, mainly because the Q function,

being an integral, is computationally intensive to compute. This section uses approximations

to the Q function available in the literature to solve the above problems. The approximate ex-

pression for BER is derived using the Q function approximations. The results of this section

could be used in simulation / computational software modeling these systems.

We begin from the approximate expression in Eq. 5 and conjuncture it to be true for high

enough values of SNR, ie,

MQ
(√

SNR
)

< Q

(

√

SNR

M

)

(8)

We use different Q function approximations on this and see how well it performs in the

results section.

3.1 Derivation for BER using Approximations for Q() function by Chiani et al.

Chiani et al. have proposed that [6],

Q(x)≈ 1

12
e−

x2

2 +
1

4
e−

2x2

3 ∀ x > 0

Using this on Eq. 8 with x taking
√

S√
2σ2

N

for regenerators and
√

S√
2Mσ2

N

for repeaters. So we

have,

M







1

12
e−

(

S

2σ2
N

)

2 +
1

4
e−

2

(

S

2σ2
N

)

3






<







1

12
e−

(

S

2Mσ2
N

)

2 +
1

4
e−

2

(

S

2Mσ2
N

)

3






(9)

3.2 Derivation for BER using Approximations for Q() function by Karagiannidis et al.

A tighter bound of Q can be found in the works of Karagiannidis et al., given by [14],

Q(x)≈
(

1− e−1.4x
)

e−
x2

2

1.135
√

2πx
∀ x ≥ 0

Following similar steps from last time, we get,

M


























1− e

−1.4

(

√

S

2σ2
N

)




e−

(

S

2σ2
N

)

2

1.135
√

2π

(

√

S

2σ2
N

)





















<


























1− e

−1.4

(

√

S

2Mσ2
N

)




e−

(

S

2Mσ2
N

)

2

1.135
√

2π

(

√

S

2Mσ2
N

)





















forM,
S

σ2
N

> 0

(10)
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Which when simplified and rearranged gives,

√
M

(

1− e
−1.4

√

S

2σ2
N

)

e
− S

4σ2
N <

(

1− e
−1.4

√

S

2Mσ2
N

)

e
− S

4Mσ2
N (11)

3.3 Derivation for BER using Approximations for Q() function by Abreu et al.

Tight bounds from Abreu et al. have upper and lower bounds, and the ‘tightness’ can be

adjusted using different parameters. From [1] we have,

e−x2

aL

+
e−

x2

2

bL (x+1)
≤ Q(x)≤ e−x2

aU

+
e−

x2

2

bU (x+1)
(12)

We have used the following parameters [1], bL ≥
√

2π = 2.5 and aL = 8bL

√
2πexp(−0.5)

4bL−3
√

2π
≈

12.16, aU = 48.9 and bU = 2, and we have,

e−x2

12.16
+

e−
x2

2

2.5(x+1)
≤ Q(x)≤ e−x2

48.9
+

e−
x2

2

2(x+1)
(13)

As this has both upper and lower limits, we have chosen the worst case for comparison: using

the lower bound for repeater and the upper bound for regenerators. Making the substitutions

based on this, we have,

M









e
− S

2σ2
N

48.9
+

e
− S

4σ2
N

2

(

√

S

2σ2
N

+1

)









<
e
− S

2Mσ2
N

12.16
+

e
− S

4Mσ2
N

2.5

(

√

S

2Mσ2
N

+1

) (14)

Resulting plots and further comments are provided in sec 5.2.

4 Analytical Performance of Realistic Long Repeated Optical IMDD Link

In this section, we look into more physical and practical aspects of the optical link design.

Noise mechanisms within the amplifier and detector are briefly introduced, and the abstract

results introduced in the previous section are given a more physical dimension. Note that in

this section, we have modeled a regenerator as a transmit-receiver pair; hence its analysis is

more in line with optoelectronic regenerators.

4.1 BER at Receiver

The photodetector’s primary noise mechanisms involve the shot noise arising from the ran-

domness of photon reception, thermal noise due to electrons, and the dark current of the

photodiode. The SNR at the detector is defined as [2],

SNR =
average signal power

noise power
=

I2
p

σ2
(15)
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where Pin is incident optical power, Ip = RdPin is the photocurrent with Rd the responsivity.

σ2 is the net noise power comprised of thermal (σ2
T = 4(kBT/RL)Fn∆ f ) and shot noise

(σ2
s = 2q(RdPin + Id)) while neglecting the dark current. Other constants have their usual

meanings, kB - Boltzmann constant, q the charge of electron, T - temperature, RL - load

resistance, Fn - amplifier noise figure at receiver, and ∆ f - effective noise bandwidth.

The BER of an Intensity-Modulation, Direct Detection (IMDD) system with ‘0’ and ‘1’

is transmitted with uniform probability, and Gaussian distributed thermal and short noise is

given by [2],

BER = Pe =
1

2
er f c

(

Q√
2

)

(16)

where, Q = I1−I0
σ1+σ0

. I0 and I1 are the signal intensities representing ‘0’ and ‘1’ levels. σ0

and σ1 represent the corresponding values for net noise variance. In case of thermal noise

limited system (which is mostly the case), we have σ0 = σ1 = σ , and making the reasonable

assumptions of I0 = 0 we have,

Q =
I1

2σ
=

√
SNR

2
(17)

Which along with Eq. 16 gives,

BER =
1

2
er f c

(√
SNR

2
√

2

)

(18)

4.2 Regenerator noise analysis

As discussed before, although the regenerator restores the SNR, it adds bit errors into the

stream. Following the analysis of section 2.2 but using parameters from section 4.1, we have

for a single-stage,

BER1 = β
∆
=

1

2
er f c

(

√

SNRreg

2
√

2

)

(19)

Modelling the optoelectronic regenerator as a receive-transmit pair, we have the detector

noise at the receiver. So [2],

SNRreg =
(RPin)

2

σ2
T +σ2

s

(20)

Now we use this in the analysis of section 2.2, with l being the largest odd number <= M.

Using Eq. 19 and Eq. 4 we get,

BERM
reg
= ∑

i odd &<M

Pl(i) =

(

M

1

)

β (1−β )M−1 +

(

M

3

)

β 3 (1−β )M−3 + . . .

+

(

M

l

)

β l (1−β )M−l
(21)

which, as before, becomes Mβ for β << 1 and M not too large. So we have,

BERM
reg ≈

M

2
er f c

(

√

SNRreg

2
√

2

)

(22)
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4.3 Repeater noise analysis

Here we look into the noise mechanism of an EDFA (the most popular repeater in optical

links) and how it manifests into bit errors at the detector. The spontaneously emitted photons

from the EDFA, which end up in the same direction and mode of the signal, get amplified

and travel down the link, accumulating over until it is detected. At the detector, these photons

beat with the signal, causing noise in the photocurrent generated. If Ein and Esp represent

the signal field and spontaneous emission field respectively, we have the net photocurrent

generated at the detector as [2],

I = R|
√

GEin +Esp|2 (23)

where G is the amplifier gain. As both fields oscillate at different frequencies and random

phase, the beat noise current can be given by [2],

∆ I = 2R
√

GPin|Esp|cosθ (24)

where, θ is random and varies rapidly. So, after averaging over, we get the noise variance

due to ASE as [2],

σ2
ASE ≈ 4(RGPin)(RSsp)∆ f (25)

Ssp(ν) is the spontaneous emission noise spectrum, which is typically white and is given by

[2],

Ssp(ν) = (G−1)nsphv (26)

where nsp is the population inversion factor (or spontaneous emission factor), h is the

Planck’s constant, v is the optical frequency. Also, nsp = N2
N2−N1

where N1 and N2 corre-

sponds to atomic densities at ground and excited states respectively.

So finally, considering the other noise sources along with ASE as well, we have at the

detector of an all-repeater link,

SNRM
rep =

< I >2

σ2
=

(RPin)
2

σ2
T +σ2

s +Mσ2
ASE

(27)

And correspondingly,

BERM
rep =

1

2
er f c





√

SNRM
rep

2
√

2



 (28)

is the expression for effective BER for M all-repeater optical link.

5 Performance of Ideal Long Repeated Optical Link - Numerical Results

In this section, we consider the ideal all-repeater and all-regenerator links (without getting

into the more practical optical link to the level of parameters of its components), compute

and present the performance corresponding to analytical expressions derived in sections

2 and 3 (Results corresponding to both exact expressions and approximations are given).

Approximations are intended to reduce computational complexity scarifying some level of

accuracy.
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5.1 Exact Expressions for Performance of Ideal Long Repeated Optical Links

In this subsection, we use the (exact) expressions for performance described in Sec. 2. We

begin by plotting BER accumulation for all-repeater and all-regenerator link against SNR

(at M=10) (Eq. 2 and Eq. 4 respectively) and is shown in Fig. 1a. As expected, the per-

formance of both links improved with larger SNR, but the all-regenerator link significantly

outperforms its counterpart. This demonstrates that the periodic addition of few bit errors

along the link is preferable over the gradual SNR degradation caused by the ASE accumu-

lation, which ultimately gets converted into significantly higher BER at the receiver. Note

that SNR is plotted in linear scale for consistency; using log scale would give the typical

waterfall plot.

BER accumulation along the link for both cases are plotted next in Fig. 1b using the same

equations but plotting it against the number of repeater/regenerator M (at SNR=30). This

differs from the previous plot in that, for all-repeater links, the degraded SNR is converted to

BER at each node and compared against the corresponding BER for the all-regenerator link.

Again, it is profusely evident that the all-regenerated link outperforms the other, meaning it

will be much more scalable and future-proof. The slope of the curves can be thought of as

the BER accumulation rate along the link, which is, of course, much worse for the repeater

link.

Figure.1c shows that BER accumulates much slowly in all-regenerator links and hence

supports much longer links (larger number of M for the same target BER at the receiver).

This is, of course, expected, as the all-repeater link was shown to have a much higher BER

accumulation rate, which soon breaches the acceptable target BER. The SNR was limited

to somewhere below 25 as the corresponding M for the all-regenerator link becomes large

enough to cause memory issues during simulation. The approximations discussed above can

help to get over the limitations. Here, we have used a conservative Forward Error Correction

(FEC) limit of 10−5 as the target BER at the receiver of both links [3]. The results are

based on the analysis given in section 2.3. Targetting a further lower BER, the performance

contrast only widens.

We also compare the relative power requirements for both cases while targetting the

same BER with the same number of repeater/regenerator (M) as described in section 2.4.

For this, we plot the ratio of SNR requirement for both cases against link reach (Fig. 1d) and

observes that this grows exponentially, signifying drastically lower power requirements for

the latter.

5.2 Approximate Expressions for Performance of Ideal Long Repeated Optical Links

In this sub-section, approximate expressions for the performance measures are used, wherein

the accuracy is traded off for the reduced computational overhead. Though this is not crucial

for the design of static optical networks, for dynamic optical networks design [13], it might

find an application. There are two instances in which the approximations are made: (a) when

the binomial BER is approximated as in Eq. 5 (of course, it is only for all-regenerator case).

(b) when the approximations for Q(x) are made. In this section, only (b) is addressed. On

passing, we note that the all-repeater link’s expressions are more accurate (approximation

error is less) than the all-regenerator case.

We present the results and comparisons of approximations as described in section 3 for

M = 10. In general, the approximations are a bit inaccurate for lower SNR values, but as

it is unusual for an optical link to work under such low SNRs, this can be ignored. We
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Fig. 1: Ideal link performance evaluation for all Repeater/Regenerator cases

start by plotting the results using our conjuncture approximation (only approximated for

the binomial expansion, not for Q function) in Eq. 8 to serve as the baseline (Fig. 2a). In

Fig. 2b, we plot the BER vs. single-hop SNR for fixed M (=10), wherein we use the Chiani

et al.’s approximation for Q() function. Similarly, in Fig. 2c, we use Karagiannidis et al

approximation for Q() function.

Abreu et al.’s approximation is expected to be tighter, and with the parameter values

chosen in Sec. 3.3 it gives good accurate results (Fig. 2d). It also has the additional benefit

of adjusting the ’tightness’ of the bounds and has upper and lower bound values. Note that

here we have plotted the higher bound for regenerator BER vs. the lower bound for repeater

BER, which would be the worst-case scenario for performance contrast.

6 Numerical Results Corresponding to Analytical Performance of Realistic Long

Repeated Optical IMDD Link.

This section pertains to the case of the realistic optical link. The physical parameters of

the associated optical components (modeling the repeater or regenerator and receiver) are

explicitly considered as given in Sec 4. We use the following values for various parameters in
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Fig. 2: BER using Q() function approximations

the section to arrive at numerical results. λ = 1550nm, R = 1A/W , kB = 1.38×10−23 J/K;

T = 300 K, Fn = 2, ∆ f = 5 GHz; RL = 1 KΩ , q = 1.602×10−19C; Pin = 100 nW ; G = 10;

nsp = 1; h = 6.626×10−34 J.s and c = 3×108 m/s.

Fig. 3 illustrates the important BER vs. input power performance of all-repeater/regenerator

link both after a single hop and after M devices. Of course, it is evident that the regenerator

link requires much less power to operate at a particular BER as compared to an all-repeater

case and more or less retains similar performance with scaling. The repeater link’s power

requirements increase drastically with the number of hops, as indicated by the red curves

being further apart (M = 10 here). The results are in agreement with that of Fig. 1a, and 1c

as the all-regenerator link has lower BER for given input power and also degrades much less

with scaling.

Next, we compare how BER accumulates over all-repeater and regenerator links using

the above-mentioned physical parameters in Eq. 28 and Eq. 21, respectively and correspond-

ing results are shown in Fig. 4a. It is again evident that the regenerator link can operate at

much superior BER at all link lengths (at Pin = −25 dBm). Additional input power only

exacerbates the performance contrast. Additionally, SNR degradation in all repeater links

for different input power levels using Eq. 27 is plotted in Fig. 4b. All power levels suffer
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Fig. 4: BER accumulation and SNR degradation in all Repeater/Regenerator links

similar degradation, which is expected as most of the noise mechanisms discussed are not

input signal-dependent (assuming thermal noise limited systems).

The superior BER performance of all-regenerator links can be translated into longer

reach or lower power requirements as compared to the all-repeater case as described in

section 2.3 and 2.4 respectively. The extra reach corresponding to all-regenerator optical

links over the all-repeater optical link for a target BER of 10−5 is presented in Fig. 5. There

is a sharp peak for regenerator link at around -25 dBm, which is around the minimum power

required by a long regenerator link (M >1) as per Fig. 3. As discussed before (about Fig. 3),

the regenerator link can support much larger link lengths without an appreciable increase in

input power. A staircase shape for repeater scaling can be attributed to reach (M - integer)

increment needing a rather drastic improvement in input power for overcoming the noise

added in between.
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A similar story unveils in Fig. 6 again, where each increment for repeater reach requires

quite more power than regenerator link; at all the different BER targets considered. This is

because of the high SNR the all-regenerator link can maintain (with only a minor increase

in bit errors) throughout the link. Note that, as was evident from the previous results, scaling

the all-regenerator link doesn’t demand much input power overhead at all.

Varying physical parameters allows us to observe how the link performance changes

with different operational conditions. In Fig. 7 we plot the BER at the output of 10 re-

peater/regenerator link for a thermally limited system, with results from Fig. 3 (M = 10)

given for comparison. In this case, the thermal noise dominates the noise terms (of Eq. 27

and Eq. 20 ) for both repeater and regenerator. Comparing the results shows that shot noise
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input power levels and link lengths

has little bearing in the overall link performance (with everything else kept the same) as both

the plots are almost overlapping (normal and thermally limited case) for repeater (red) and

regenerator (blue) link. This is particularly the case with all-repeater links where the ASE

term in the noise expression dominates (Eq. 20), and hence only one red curve is observable.

A lot of the above results can be consolidated into 3-D plots presented in Figures 8a

and 8b, where the BER performance is plotted against input power and link reach simul-

taneously. The sharper slope of all-regenerator link signifying the drastic scalability of the

link for more or less the same input power. These multi-parameter plots give a complete

picture for a system designer, which could help make better-informed decisions on different

operating parameters. This may also prove to be a versatile tool for predicting performance

impacts during link extensions or upgrades.
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7 Conclusions

In this paper, we undertake the analytical derivation for the theoretical bounds on BER

for both all-regenerator and all-repeater optical links. We prove the superiority of the all-

regenerator link and derives the maximum theoretical performance for both cases. Some of

the practical limitations of such systems are expected to be overcome in the near future, and

we expect the performance to inch closer to the ideal BER at a particular SNR and link reach.

Then, we translate this BER advantage of the all-regenerator link into (a) extra reach or (b)

lower transmission power. The corresponding results illustrate the design procedure’s ver-

satility in specifying the design regarding other performance measures apart from the BER

performance. We also introduced approximations for the derived analytical expressions, re-

ducing the computational overhead while estimating the performance measures. Though the

computational overhead is not crucial for designing static optical networks (in which the de-

sign could be offline), for dynamic optical networks design (wherein the design is real-time),

this might prove helpful.

The study involved two different abstractions: the first one a theoretical treatment of the

performance bounds; in the latter, we do a proof-of-concept analysis of all-repeater/regenerator

links using realistic physical parameters included in the theoretical model. The latter ap-

proach also throws light into different noise sources and how they translate into BER down

the link. Notably, it was observed in both abstractions that the all-regenerator link could be

scaled appreciably with very little increase in input optical power. We have also provided

multi-parameter results for quick-glance link performance monitoring and can provide in-

sights into potential performance uplifts with future link upgrades.
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