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Abstract 
 

In the framework of radio astronomic systems, and in 

particular in the realization of the Aperture Array 

Verification Systems of the low frequency part of the 

Square Kilometre Array project, a monitoring of the delay 

introduced by the fiber optic cable of the antenna 

downlink is necessary in order to properly calibrate the 

receiver chain. A simple and relatively low-cost system is 

here proposed, which can directly provide such 

measurement without the use of complex post-processing 

systems, with precision estimated in 60ps for 6Km of 

fiber length. 

 

1 Introduction 
 

Due to its low attenuation, high bandwidth and immunity 

from electromagnetic interferences, the optical fiber is 

nowadays widely used for the downlink of Radio 

Telescopes antennas [1,2]. This is e.g. the case of the 

Square Kilometre Array (SKA), which is one of the major 

radio telescopes currently under development [3-5]. 

SKA will consist of two subsystems, one operating in the 

range 50-350 MHz, named SKA-LOW and the other 

operating from 350MHz to 14GHz, named SKA-MID. In 

the frame of SKA-LOW, which will be composed of more 

than 130.000 antennas, and of its current Aperture Array 

Verification System (AAVS), composed of a few hundred 

ones, Radio over Fiber (RoF) downlinks having a 

maximum length of 6Km are utilized. In this context, the 

verification and stable calibration of the fiber-induced 

delay, and of its possible shift induced by external agent 

variations (temperature in primis), is one of the major 

objectives to be pursued, with a required resolution lower 

than 100 psec. 

This work proposes a simple and low-cost system capable 

to measure the above-mentioned delay shifts, so that it 

will be possible to adopt it within AAVS and SKA-LOW 

systems, and, more in general, in a variety of optical fiber-

based sensing applications. 

 

2 Principle of the system proposed 
 

The system proposed is based on a Michelson-like 

interferometer and is illustrated in Figure 1. It is 

composed of a laser source coupled with a short pigtail of 

standard G.652 fiber connected to a balanced (50/50) 

coupler where the two outputs are connected to two 

different spans of fibers of length 𝐿1 and 𝐿2. 
 

 

Figure 1 Interferometric system proposed. See text for 

details. 

In particular, the fiber of length 𝐿2 is considered as placed 

in an external environment, subject to several stresses 

such as temperature and mechanical ones, while the other 

fiber of length 𝐿1  is placed in an environment with 

constant conditions. The two fibers are then terminated 

with straight Physical Contact (PC) connectors which 

provide a reflection of the electrical field. The two 

reflected fields 𝐸⃗ 1,𝑟(𝑡)  and 𝐸⃗ 2,𝑟(𝑡)  are then re-combined 

by the initial balanced coupler, being received by a 

photodetector at the upper branch being blocked by an 

opto-isolator at the lower one. The RF frequency response 

of such system is then evaluated by a scalar network 

analyzer, being able to evaluate the quantity |𝑆21|
2 . As 

will be shown in detail hereafter, the response of such 

system is composed of several maxima and minima on the 

frequency domain, whose positions directly depend on the 

electromagnetic and geometric characteristics of the fiber, 

leading to a very precise measurement of fiber delay shifts 

induced by external perturbations. 

To mathematically describe the system operation, a laser 

source is considered, which emits at the angular optical 

frequency 𝜔0  and is directly modulated by an RF 

sinusoidal current having amplitude 𝐼𝑅𝐹  and angular 

frequency 𝜔𝑅𝐹 . The laser is equipped with a short pigtail 

of standard single-mode fiber where the expression of the 

electrical field can be written at the input section as: 

 

𝐸⃗ 𝐿(𝑡) = 𝐸0√1 + 𝑚𝑖 cos(𝜔𝑅𝐹𝑡) 𝑒
𝑗[𝜔0𝑡+𝜃(𝑡)+𝜙(𝑡)] 𝑒 𝐿     (1) 



where 𝐸0 is electrical field amplitude, 𝑒 𝐿is the polarization 

unit vector, 𝑚𝑖 is the optical modulation index, 𝜃(𝑡) is the 

spurious phase modulation due to the direct modulation 

and 𝜙(𝑡) is the phase noise of the laser.  

After passing through the balanced coupler, the field is 

equally split into two separate fields 𝐸⃗ 1 and 𝐸⃗ 2 travelling 

in the two branches of length 𝐿1 and 𝐿2, with attenuation 

coefficients 𝛼1  and  𝛼2  and group delays 𝜏1  and  𝜏2 , 

respectively. The two fields are then reflected with field 

reflection coefficients 𝑟1 and 𝑟2 by the two PC connectors. 

Therefore, before passing through the balanced coupler 

the expressions of 𝐸⃗ 1,𝑟(𝑡) and 𝐸⃗ 2,𝑟(𝑡) read as: 

 

𝐸⃗ 1,𝑟(𝑡)

= 𝑟1
𝐸0

√2
√1 + 𝑚𝑖 cos[𝜔𝑅𝐹(𝑡 − 2𝜏1)] ⋅

⋅ 𝑒−𝛼1𝐿1+𝑗[𝜔0(𝑡−2𝜏1)+𝜃(𝑡−2𝜏1)+𝜙(𝑡−2𝜏1)] 𝑒 1                          (2) 

 

𝐸⃗ 2,𝑟(𝑡)

= 𝑟2
𝐸0

√2
√1 + 𝑚𝑖 cos[𝜔𝑅𝐹(𝑡 − 2𝜏2)] ⋅

⋅ 𝑒−𝛼2𝐿2+𝑗[𝜔0(𝑡−2𝜏2)+𝜃(𝑡−2𝜏2)+𝜙(𝑡−2𝜏2)] 𝑒 2                          (3) 

 

After passing through the coupler the sum of the two 

fields arrives at the photodetector, having surface 𝑆𝑃𝐷  and 

responsivity R, generating the current: 

 

𝑖𝑃𝐷 = 𝑅 ∫ |
𝐸⃗ 1,𝑟 + 𝐸⃗ 2,𝑟

√2
|

2

𝑑𝑆

𝑆𝑃𝐷

= 

= 𝑟1
2
𝑅𝑃0

4
𝑒−2𝛼1𝐿1{1 + 𝑚𝑖 cos[𝜔𝑅𝐹(𝑡 − 2𝜏1)]} 

+ 𝑟2
2
𝑅𝑃0

4
𝑒−2𝛼2𝐿2{1 + 𝑚𝑖 cos[𝜔𝑅𝐹(𝑡 − 2𝜏2)]}  

            + 𝑞𝑟1𝑟2
𝑃0

2
𝑒−(𝛼1𝐿1+𝛼2𝐿2) 

𝑅√1 + 𝑚𝑖 cos[𝜔𝑅𝐹(𝑡 − 2𝜏1)]√1 + 𝑚𝑖 cos[𝜔𝑅𝐹(𝑡 − 2𝜏2)] 
⋅ cos[𝜔0(2𝜏2 − 2𝜏1) + 𝜃(𝑡 − 2𝜏1) − 𝜃(𝑡 − 2𝜏2)

+ 𝜙(𝑡 − 2𝜏1) − 𝜙(𝑡 − 2𝜏2)]              
 (4) 

 

where 𝑞 = ∫  𝑒 1 ⋅  𝑒 2
∗ 𝑑𝑆  represents the polarization 

matching factor.  

Considering the last side of Eq.(4), the current 𝑖𝑃𝐷  is 

composed of the first two terms which are independent 

from the electric fields’ phases and by the last term which 

depends on the difference of the phases of the two fields. 

This last term accounts in general for the interference of 

the two optical signals, and can be usefully exploited in 

some cases to evaluate some quantities of the optical link 

[6,7]. In the present case it however results to have a 

negligible impact in the determination of 𝑖𝑃𝐷 .  

Indeed, if 2 ⋅ (𝜏2 − 𝜏1) > 𝜏𝑐𝑜ℎ , where 𝜏𝑐𝑜ℎ  is the 

coherence time of the source, it is possible to demonstrate 

that such term produces at frequency 𝜔𝑅𝐹  a small amount 

of power compared to the other two terms, due to the 

presence of the difference of uncorrelated phases 𝜙(𝑡 −
2𝜏1) − 𝜙(𝑡 − 2𝜏2)  with gaussian statistics within the 

cosine argument. Note that the condition above can be 

also expressed as 2|𝐿2 − 𝐿1 | = 2Δ𝐿 ≥ 𝑙𝑐𝑜ℎ, where 𝑙𝑐𝑜ℎ =
𝑣𝑔𝑛𝜏𝑐𝑜ℎ represents the coherence length of the source, and 

where 𝑣𝑔𝑛  is the nominal value of the group velocity of 

the fundamental mode, given by the supplier.  In such 

conditions the photo-current 𝑖𝑃𝐷  can be approximated as: 

 

𝑖𝑃𝐷 ≃ 𝑅 ∫ |
𝐸⃗ 1,𝑟 + 𝐸⃗ 2,𝑟

√2
|

2

𝑑𝑆

𝑆𝑃𝐷

= 

= 𝑟1
2
𝑅𝑃0

4
𝑒−2𝛼1𝐿1{1 + 𝑚𝑖 cos[𝜔𝑅𝐹(𝑡 − 2𝜏1)]} 

+ 𝑟2
2
𝑅𝑃0

4
𝑒−2𝛼2𝐿2{1 + 𝑚𝑖 cos[𝜔𝑅𝐹(𝑡 − 2𝜏2)]}                (5) 

 

Considering now, for simplicity but without loss of 

generality, 𝑟1
2 = 𝑟2

2 = 𝑟2  and  𝛼1𝐿1 ≃ 𝛼2𝐿2 ≃ 𝛼𝐿 , the 

expression of  𝑖𝑃𝐷  simplifies as: 

 

𝑖𝑃𝐷 ≃
𝑟2𝑅𝑃0

4
𝑒−2𝛼𝐿{2 + 𝑚𝑖 cos[𝜔𝑅𝐹(𝑡 − 2𝜏1)]

+ 𝑚𝑖 cos[𝜔𝑅𝐹(𝑡 − 2𝜏2)]}                    (6) 

 

Then, applying a well-known trigonometric identity, it is 

possible to write the PD current as follows: 

 

𝑖𝑃𝐷 = 𝑖𝑃𝐷,𝐷𝐶 + 𝑖𝑃𝐷,𝜔𝑅𝐹

=
𝑟2𝑅𝑃0

2
𝑒−2𝛼𝐿

+ 𝑚𝑖

𝑟2𝑅𝑃0

2
𝑒−2𝛼𝐿 cos[𝜔𝑅𝐹(𝜏1 − 𝜏2)]

⋅ cos[𝜔𝑅𝐹(𝑡 − (𝜏1 + 𝜏2))]                  (7) 

 

Finally, the measured frequency response |𝑆21(𝜔𝑅𝐹)|
2 can 

be computed as: 

 

|𝑆21(𝜔𝑅𝐹)|
2 =

< 𝑖𝑃𝐷,𝜔𝑅𝐹
2 >

𝐼𝑅𝐹
2 =

=
𝑅2𝑟4𝜂𝑇𝑋

2 (𝜔𝑅𝐹)

8
𝑒−4𝛼𝐿|cos[𝜔𝑅𝐹Δ(𝜏̂𝐿)]|2                       (8) 

 

Where 𝜂𝑇𝑋
2 (𝜔𝑅𝐹) is the frequency modulation response of 

the laser at 𝜔 = 𝜔𝑅𝐹  and 𝜏̂1, 𝜏̂2  represent the group 

delays-per-unit-meter (i.e. the reciprocal of the group 

velocities) of the fundamental modes in reference fiber 

and fiber under test, respectively. For simplicity it has 

been also put Δ(𝜏̂𝐿) = 𝜏̂2𝐿2 − 𝜏̂1𝐿1.  

According to Eq.(8), at the frequencies described by the 

law: 

 

𝑓𝑅𝐹,𝑚𝑖𝑛,𝑘 =
2𝑘 + 1

4 ⋅ Δ(𝜏̂𝐿)
         𝑘 = 0,1,2, …                           (9) 

 

|𝑆21|
2  presents minimum (theoretically zero) values, 

whose position depends directly on Δ(𝜏̂𝐿) . This means 

that it is sufficient to track the position of one of these 

minima to obtain the behavior of the delay difference 



between the reference fiber and the fiber under test (see 

Figure 2). 

 

Figure 2 Typical normalized behavior of |𝑆21(𝜔𝑅𝐹)|
2  for 

two different values of Δ(𝜏̂𝐿). 

Supposing that the fiber of length 𝐿1  is located at 

temperature 𝑇1(𝑡) and the one of length 𝐿2  is located at 

temperature 𝑇2(𝑡), the term Δ(𝜏̂𝐿) can be expanded in the 

following form: 

 

Δ(𝜏̂𝐿) = (𝜏̂2𝐿2)|𝑇2=𝑇2,0
+ 𝛿(𝜏̂2𝐿2)

− [(𝜏̂1𝐿1)|𝑇1=𝑇1,0
+ 𝛿(𝜏̂1𝐿1)]            (10) 

 

where 𝑇2,0 = 𝑇2(𝑡0) , 𝑇1,0 = 𝑇1(𝑡0)  represent the initial 

temperatures in the two environments at the instant 𝑡0 , 

while 𝛿(𝜏̂2𝐿2), 𝛿(𝜏̂1𝐿1)  represent the perturbation 

introduced by possible temperature variations δ𝑇1 ,  δ𝑇2 , 

respectively. 

 

If we suppose that the environmental conditions in which 

the fiber of length 𝐿1 is placed are stable (i.e., δ𝑇1 ≃ 0), it 

is possible to assume 𝛿(𝜏̂1𝐿1)  ≃ 0, so that the expression 

of Δ(𝜏̂𝐿) simplifies as follows: 

 

Δ(𝜏̂𝐿) = [(𝜏̂2𝐿2)|𝑇2=𝑇2,0
− (𝜏̂1𝐿1)|𝑇1=𝑇1,0

] + 𝛿(𝜏̂2𝐿2)

= Δ(𝜏̂𝐿)|𝑇1=𝑇1,0

|𝑇2=𝑇2,0

+ 𝛿(𝜏̂2𝐿2)                (11) 

 

meaning that if the fiber of length 𝐿1  is subject to 

adequately smaller temperature variations compared to 

fiber of length 𝐿2, the changes in the frequencies of the 

minima, and therefore in Δ(𝜏̂𝐿), depend exclusively by 

the changes occurred in the fiber exposed to 

environmental perturbations.  

 

3 Experimental Test of the system 
 

To validate the system proposed the setup of Figure 3 has 

been used. A 10mW 1550nm Distributed Feed-Back 

(DFB) laser equipped with Thermo-Electric Cooler (TEC) 

and opto-isolator has been utilized as electro-optical 

source, while as opto-electrical receiver a PIN-PD 

followed by an LNA with 42dB Gain has been employed. 

Then, to replicate the order of distances involved in 

AAVS, two fibers of 6Km nominal length have been 

employed, where the one with length 𝐿2 has been placed 

within a climatic chamber. The two fiber lengths have 

then been tested using a commercial Optical Time 

Domain Reflectometry (OTDR) from VIAVI where it has 

been found that 𝐿1 = 6095𝑚 , 𝐿2 = 6240𝑚  leading to 

Δ𝐿 = 145𝑚 at  𝑇1 = 𝑇2 ≃ 20 °C. 

 

Figure 3 Experimental setup employed. See text for 

details. 

Note that considering a typical value of DFB coherence 

length 𝑙𝑐𝑜ℎ ≃ 15𝑚  the condition 2Δ𝐿 > 𝑙𝑐𝑜ℎ  is widely 

respected. The temperatures are monitored using two 

different Resistance Temperature Detectors (RTDs) 

connected to a datalogger controlled via computer. 

Finally, to measure |𝑆21(𝜔𝑅𝐹)|
2 , a Vectorial Network 

Analyzer (VNA) has been utilized. 

As a first step, it is necessary to choose the order of the 

minimum of |𝑆21|
2  to monitor and the range of 

frequencies around which to record its variations.  

Regarding the first point, it is sufficient to estimate 

reference values of the various 𝑓𝑅𝐹,𝑚𝑖𝑛,𝑘 from the length 

difference Δ𝐿, considering in this case  𝜏̂1 ≃ 𝜏̂2 ≃
1

𝑣𝑔𝑛
=

4.92
𝑛𝑠

𝑚
, which leads to Δ(𝜏̂𝐿) ≃ Δ𝐿/𝑣𝑔𝑛 = 713𝑛𝑠 and to 

𝑓𝑅𝐹,𝑚𝑖𝑛,𝑘|𝑇1=𝑇2=20°𝐶 ≃ 350 (2𝑘 + 1) 𝐾𝐻𝑧 . One of these 

frequency values, corresponding to a minimum of a 

certain order 𝑘, must then be chosen to be tracked in time.  

Instead, as frequency span of the measurement system 

Δ𝑓𝑅𝐹,𝑚𝑖𝑛|𝑇1=𝑇2=20°𝐶 (a quantity which does not dependent 

on the order of the chosen minimum order k), the value 

was Δ𝑓𝑅𝐹,𝑚𝑖𝑛|𝑇1=𝑇2=20°𝐶 ≃ 700 𝐾𝐻𝑧 has been chosen. 

With these two data, the VNA must be calibrated for 

working with a maximum span of Δ𝑓𝑅𝐹,𝑚𝑖𝑛|𝑇1=𝑇2=20°𝐶  , 

centered in one of the minima, depending on the 

frequency characteristics of the components adopted in 

the setup. In the present case k=29 has been chosen 

leading to a center frequency of  𝑓𝑅𝐹,𝑚𝑖𝑛,𝑘|𝑇1=𝑇2=20°𝐶 ≃

19.6 𝑀𝐻𝑧 where 801 points have been set to be measured 

by the VNA. After this first setting the climatic chamber 

has set for imposing a temperature ramp from -10°C to 50 

°C in 500 minutes and turned on.  

Figure 4 shows and example of frequency response 

obtained at different values of 𝑇2. The full measurement 

of 𝛿(𝜏̂2𝐿2) with respect 𝑇2  is shown in Figure 5, where 

the behavior of 𝑇2 versus time is also represented as inset, 

showing the forced temperature slope of about 

0.12°C/min. The behavior of 𝑇1 is also shown, presenting 

a mean value of 20.2°C, a standard deviation of 0.1 °C 

and a peak excursion of 0.6°C. The slope of the curve, 

normalized to the nominal length 𝐿2 , is about 39
𝑝𝑠

𝐾𝑚 °𝐶
 



which is quite in agreement with the theoretical expected 

value of 40 
𝑝𝑠

𝐾𝑚 °𝐶
 [8]. 

 

Figure 4 Example of frequency response obtained at 

different values of 𝑇2. 

 

Figure 5 Measurement of 𝛿(𝜏̂2𝐿2) forcing a temperature 

ramp in the climatic chamber from -10°C to 50°C within 

500 min of duration (see inset). 𝑇1  is also reported as 

inset.  

Figure 6 (a) Zoom of the measurement from 20°C to 

25°C, showing the linear fitting used to estimate the 

precision of the method. (b) PDF of the error variable 𝜉. 

Finally, Figure 6a shows a zoom of the results obtained 

between 20°C and 25°C showing the linear fitting applied 

which allows to estimate the precision of the method, 

computed as the deviation of the measurement points 

from such fitting. Defining the variable 𝜉 as the difference 

between the measured values and the linear fitting ones, 

the Probability Density Function (PDF) of 𝜉 results to be 

gaussian with zero-mean and standard deviation 𝜎𝜉 ≃

60𝑝𝑠 (see Fig. 6b).  

4 Conclusion 

 
The proof-of-concept of a simple system, capable to 

monitor the temperature-induced delay-shift on fiber 

connections of some km length has been shown. The 

values obtained of delay variations agree with the 

theoretically expected values and show a standard 

deviation of about 60ps for a 6km link length. 

Considering that a reference fiber can be easily located in 

each substation, and that its length doesn’t need to be 

critically matched to the length of the monitored fiber, 

this technique could be used in the SKA1-LOW to track 

delay and phase changes. Possibilities of improving the 

system performance, which will be part of future works, 

consist in increasing the resolution (at the price of a 

slowdown) of the measurement of |𝑆21(𝜔𝑅𝐹)|
2  and/or 

using optical reflectors instead of PC connectors and/or 

employing a small amount of post-processing for taking 

into account the variation of the reference fiber. 
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