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Abstract: In this paper, we report on design rules for optimizing the response of intensity 
sensors embedded in ring resonators (RR) as part of a frequency based self-referencing 
method. Time division multiplexing sensor networks require a time response analysis for 
properly addressing the self-reference sensors. The selected measurement and reference 
frequencies are multiples of the RR Free Spectral Range to improve signal to noise ratio and 
avoid RR coupling coefficient (K) tolerance influence on the measurements. A weighting 
function that models the trade-off between high sensitivity and fast response for defining the 
operation point in terms of K and ring losses is also given. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction
Since the first fiber optic sensor was proposed, the fotonic sensor [1], at the early days of the 
fiber optic communications in 1967, this field has experienced an extraordinary growth. This 
is mainly due to the development of fiber optic and optoelectronics technology. Many 
physical magnitudes have been measured such as temperature [2], strain [3], pressure [4], 
rotation [5], etc. Several classifications have been done according to the type of optical signal 
modulation used, deriving in: intensity, interferometric, polarimetric and spectroscopic 
sensors [6]. 

In intensity intrinsic fiber optic sensors (FOS) the measuring magnitude modulates the 
optical intensity transmitted by the fiber. Such modulation allows the use of coherent or 
incoherent light sources and offers advantages like reliability, size, low cost, simplicity and 
integration with the transmission medium. Nevertheless, these intensity sensors have 
problems related to non-desired optical power fluctuations. To solve this problem, different 
self-referencing techniques based on time division, wavelength normalization [7], spectral 
splitting [8], frequency division [9–12], or using counter propagating signals [13], have been 
reported. The frequency based self-referencing methods (FBSM) use resonant structures of 
finite impulse response like Sagnac [10], Michelson, and Mach Zehnder interferometers [11], 
sometimes based on Bragg gratings [14], or resonant structures of infinite impulse response 
like ring resonators (RR) [12,15]. This last technique has also been used to increase the 
sensitivity, introducing a FOS inside a RR structure as reported in [15]. 

The bandwidth used by this kind of sensors is low. Nevertheless, a single channel FOS 
has a relatively high cost. The aggregation of sensors through multiplexing, making them 
share the source and/or the detection system [14–16], reduces the cost. Time division 
multiplexing (TDM) on intensity modulated FOS networks, is an option that in combination 
with spatial division multiplexing (SDM) [17], can be used to address different sensor heads 
e.g., in liquid level sensors networks [18], in redundant topologies to commutate between a
principal and a secondary network in case of a failure [19], or in combined TDM and dense
wavelength division multiplexing (DWDM) configurations [20].
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In TDM sensor networks, when the sensor array and/or the required sampling rate 
increases, time slots assigned to each sensor decrease. Then the sensor response time becomes 
to be important, to be able to read the sensors measurements properly. This point takes higher 
relevance if the sensors are embedded in infinite impulse response (IIR) resonant structures 
such as RR. In this case, due to the fact that the energy stored in the RR is modulated by the 
losses of the transducer, a correct reading requires to reach the steady state. 

On the other hand, direct detection requires that the modulated signals arrive with a good 
power level and low noise while keeping a good sensitivity. In general, noise due to undesired 
power fluctuations and even the sensor sensitivity can be improved by using self-reference 
techniques with FOS in resonant structures, as mentioned above. Nevertheless, in TDM self-
reference intensity sensor networks based on a FOS inside a RR (FOSRR), exist a 
compromise between the sensor response time, insertion losses and sensitivity. Moreover, all 
of them depend on the same design parameters. 

In this paper, we carry out the study of the FOSRR design parameters, like modulation 
frequency, coupling coefficient and ring losses, as part of a self-referencing intensity sensor; 
and find those values for achieving maximum detected power, and an optimal performance 
either on sensitivity, time response, or both. To achieve this we define a normalized 
weighting factor and use the Z transform technique, already applied to the synthesis of optical 
filters [21] and to the design of optical demultiplexers [22]. This allows us to work with 
simple transfer functions to find optimum power, sensitivity, and response time values, more 
easily. 

2. Sensor network and sensing structure 
The sensor network and the basic sensing structure are shown in Fig. 1. The self-referencing 
sensing structure consists of a FOSRR for implementing the FBSM, a cost effective self-
referencing solution that can also increase the sensitivity [15]. The optical sensor network is a 
combination of TDM and SDM techniques composed by N FOSRR elements addressed by 
time division multiplexing signals in the optical domain through different paths. The optical 
source is a LED modulated at two electrical frequencies, the measurement frequency fm and 
the reference frequency fr. This signal is transmitted to the network through a single optical 
fiber towards an optical time division demultiplexer, which distributes the signal to each 
branch in a time interval given by the established time slot. After that, the signal goes through 
the FOSRR placed in the sensing point, the different signals coming from different points, 
related to different measurements, are recombined in a synchronous optical time division 
multiplexer, to form a high speed TDM optical signal which is sent through a single fiber to 
the receiver. It should be noted that to maintain the synchronism the length of the N fiber 
paths between the demultiplexer and multiplexer, and the N ring lengths, must be the same. 

 
Fig. 1. (a) Sensor Network. (b) FOS in a RR (FOSRR), A is the insertion loss of FOS as 
function of measuring magnitude m. 
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For implementation of the network, the demux can be an optical switch that redirect the 
light to different fibres in different time slots, meanwhile a clock controls the commutation, as 
in [18]. For the mux, taking care that the time delays are equal at all the different paths, 
another optical switch synchronized with the input one can be used. If there is no rigid 
constrains in terms of bandwidth, no critical time slots are selected to accommodate slight 
different delay lengths with no penalty. 

The interference within the RR is incoherent because the coherence time of the source, a 
LED, is much shorter than the time delay of the light inside the ring. The source coherence 
time is inversely proportional to the linewidth of the source in Hz, so this is on the order of 
tenths of ps, which is very unrestrictive and give us a wide range of ring lengths. For 
incoherent interference, there is no correlation between the phases of wave trains interfering 
within the ring, and they are completely random one to each other. For example, if we add 
wave trains, polarized along the same direction, with different amplitudes and frequencies, 
and random and independent phases; the expected value of the instantaneous power per unit 
area of the resulting waveform of this interference, taking over uniforms distribution 
functions between 0 and 2π, is given by: 
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where E[·] represents the statistical operator expected value, P and <Pi>, are the resulting 
instantaneous power and the average power of each wave train respectively (both per unit 
area). c is the speed of light in vacuum, ε0 is the permittivity of free space. ωi, Ei and θi are, 
the optical frequency in radians per second, the electric field amplitude and the random phase 
of each wave train respectively. As we can see in Eq. (1), the power we expect from this 
interference is the sum of the average powers of each one of the trains. The average power 
calculation is taken as instantaneous because the period of the train waves, at optical 
frequencies, is in the femtoseconds order. 

In our FOSRR operating in incoherent regime, the superposition must be in power units. 

2.1 Power transfer function 

The Z transfer function of our IIR resonant structure, interfering in an incoherent way, relates 
the output and input powers, and is given by: 
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where K is the power coupling coefficient, γ is the excess loss coefficient, α is the fiber 
attenuation in Np/Km, A is the attenuation factor introduced by the FOS and z−1 represents a 
unit delay named as τ, which is the time that light takes to travel the ring length, L. 

As we can see in Eq. (2), the transfer function has two terms, the first term represents the 
power that passes directly from the input to the output, and the second term is the power 
reaching the output after passing through the ring. This second term is modulated by the 
losses within the ring. And before making a proper reading on this power, we should wait 
until the power within the RR is stabilized. In this sense the RR response time should be less 
than the time slot used, thus ensuring a correct reading. 

2.2 Output powers 

When LED power is modulated by an electrical frequency tone fe, the RR output power 
depends on frequency, being proportional to: 
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where /H(e-j2πfeτ)/ is the modulus of FOSRR power discrete time Fourier transform (DTFT) 
evaluated at any electrical frequency fe, /·/ represents the complex function module, Po is the 
RR output power, Pi is the RR input power. Our first objective in this work is to maximize the 
detected power at the receiver for every FOSRR. As shown in Fig. 1, the power detected at 
the receiver is proportional to the input power and the overall losses, including the optical 
fiber attenuation, optical multiplexer and demultiplexer insertion losses and FOSRR losses. 
All those losses are fixed once the different components are selected, except for the FOSRR 
losses. Then we must work in the electrical frequencies where the resonant structure 
introduces the minimum losses to optimize the signal to noise ratio. 

From Eq. (3), is shown that the FOSRR losses depends on K, A, γ and L values. The 
period or free spectral range (FSR) of the transfer function is equal to 1/τ. 

Figure 2 shows the detected power vs the modulating frequency normalized with respect 
to the FSR, considering a 1 mW input power and for different values of K and A. The 
maximum output power of FOSRR is obtained for fe = 0 and fe = FSR, see Fig. 2, regardless 
of A and K values. This is derived from Eq. (3) and from the positive systems theory, which 
states that the magnitude response of a positive system can nowhere exceed its value at the 
origin (fe = 0) [23]. In our case, we are using the FBSM, and the selected measurement 
frequency fm is an integer multiple of the FSR to detect the maximum power level. For a silica 
fiber RR with 1 m of length we need to modulate at 205 MHz. 

 
Fig. 2. FOSRR output power vs normalized frequency f/FSR for Pi = 1 mW, γ = 0.025, L = 1 
Km, α = −0.046 Np/Km (a) for A = 1 and K = {0.1, 0.3, 0.5, 0.7, 0.9}, (b) for K = 0.5 and A = 
{0.5, 0.6, 0.7, 0.8, 0.9}. 

In Fig. 2(a) is shown that the output power variations as function of K are very low, about 
0.076 dB, at the normalized frequencies of 0.0135 FSR and 0.9865 FSR when A = 1, meaning 
a lossless sensor. In this case if the FOSRR couplers have high tolerances, and there are small 
A variations, any of these electrical frequencies is used as the reference frequency fr, to 
minimize K tolerance influence in the different FOSRR. 

In Fig. 2(b), is shown that when K = 0.5, the minimal output power variations for different 
A values are about 0.025 dB, at normalized frequencies given by 0.2 FSR and 0.8 FSR. Those 
frequencies minimize the variations in output power due to different attenuations in the FOS, 
being a good choice for the frequency fr of the FBSM. The transfer function evaluated at these 
self-referencing frequencies is almost constant. 
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3. Sensitivity 
The sensitivity is a very important parameter in any instrumentation system. It is defined as 
the slope of the system calibration curve. A larger sensitivity implies that the output 
variations are larger with slight input variations. 

In our network the detected electronic signal at the reception stage for any modulation 
frequency fe is given by: 

 ( )( ) ( )( ), , · , , · ·phd e phd e Led sI f K A m R H f K A m P L=  (4) 

where Iphd and Rphd are the photocurrent and responsivity of the photodiode, Ls are the total 
power losses in the light path, with exception of those given at the FOSRR represented by 
H(·) = Po(·)/Pi(·), PLed is the LED optical power, and m is the value of the physical magnitude 
to be measured by FOS. 

For FBSM we define the total sensitivity ST of a single branch as the derivative with 
respect to m of the ratio of Iphd, given in Eq. (4), evaluated at fm over Iphd evaluated at fr, and 
knowing that A is a function of m. This sensitivity is given by: 
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being the total sensitivity ST, proportional to FOS sensitivity SFOS, and to d[Iphd(fm)/Iphd(fr)]/dA. 
Assuming that the photodiode responsivity Rphd, LED emitted power PLed and Ls losses are 
constant, the term d[Iphd(fm)/Iphd(fr)]/dA is given by: 
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where H(fm,K,A) and H(fr,K,A) are the FOSRR power DTFTs, at fm equal to an integer 
multiple of FSR, for example fm = FSR, to detect the maximum power, and at fr = 0.2 FSR to 
fulfill good levels of detected power independently of A variations, see Fig. 2(b). 

 
Fig. 3. 3D plot of d[\H(fm)/H(fr)\]/dA normalized vs K (RR coupling coefficient) and A (sensor 
attenuation factor), with fe = 0, γ = 0.025 and fiber attenuation inside the ring of 0.002 dB. 
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The FOS sensitivity SFOS depends on the selected sensor, assuming a general solution for 
any sensor, the way to achieve the objective of maximizing the sensitivity is to find the 
operation point, i.e. the values of K and A, that maximize the term d[\H(fm)/H(fr)\]/dA. 

Figure 3 shows d[\H(fm)/H(fr)\]/dA term, normalized with respect to its maximum value, 
for K and A values between {0.01 – 0.99} and {0.1 – 1}, respectively. Those values avoid the 
cases when light passes through inside the ring only once or never (K equal to 0 or 1), and to 
permit an A dynamical range at least 0.1. 

From Fig. 3, the maximum sensitivity occurs at a K value equal to 0.47 and A equal to 1. 
That is, a value close to 3 dB power coupling in the ring and a lossless FOS at the operation 
point. If we are only interested to have the greatest possible sensitivity, these values are the 
optimums and must be chose to fulfill this criterion. 

4. Time-response analysis 
As mentioned above the time response of each sensor element in our sensor network, is a 
critical parameter, especially if a TDM network is considered. If the number of sensors 
increases the time slot assigned for reading each one becomes shorter. Then when the sensor 
response time takes preponderance, we must wait until the signal that comes from each sensor 
is stabilized to take a correct measurement of the sensor. 

The response time is determined by two components, the transit time of light signal 
through the entire circuit (a constant value that depends only on the total fiber length), plus 
the time that sensor takes to respond in a truthful manner. 

In our case as FOS is inside the RR, which is an IIR system, we must wait until the stored 
energy within the ring reaches a stable value, to read it. To evaluate this time, we define the 
response time as the time it takes for the output to go from 0 to 90% of its final stable value. 
In FBSM there are two modulation electrical frequencies fm and fr, then we have two potential 
response times, defining as the response time the higher value between them. 

The time dependent amplitude of the sensor output power, Po in Fig. 1(b) is named from 
now on as P3. It is a function of the electrical modulation frequency fe, and has two 
components, one that goes to the output by the coupler through path (P3T), and another one 
coming from the ring by the coupler cross path (P3C), the first and second term in Eq. (2) 
respectively. 

In Fig. 4 is shown the time response of FOSRR at P3, and its cross component P3C, Fig. 
4(a), at a measurement frequency fm = FSR, and an input power of 1 (a. u.), N unit delays are 
considered. 

 
Fig. 4. FOSRR time response for fm = FSR, and an input power of 1 (a. u.), with K = 0.5, A = 
0.95, γ = 0.025 and fiber attenuation in the ring of 0.002 dB, (a) cross power component P3C, 
(b) total power P3. 
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In Fig. 4(a) we can see that before obtaining any power from the cross component P3C, 
one unit delay τ, must elapses. However, in Fig. 4(b) we see that the total output at P3, has 
power at the output instantly, that is at N = 0. Both graphs seem very similar, being the only 
difference that the Fig. 4(b) has a constant component added, the through component. If the 
coupling coefficient K is smaller, the cross component decreases, the through component 
increases, and the response time at P3 can be even zero. 

As we have seen the through component is instantaneous but the cross one is time 
dependent, so we take the response time of the cross component P3C as the FOSRR response 
time, Tc. Also note that FOS attenuation only affects the cross component, which reinforces 
this definition. 

The response time Tc depends on the output power after N unit delays. Expanding the 
second term of Eq. (2) in a sum of terms of a geometric series, evaluating at z equal to 
ej2πfe/FSR, using the formula for the sum of N terms of a geometric series, and calculating its 
module. We find that the output power amplitude P3C, of an electrical frequency tone fe, for an 
input power of 1, after N unit delays is given by: 
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the steady state value of this component is the limit as N approaches infinity, given by: 
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where P3CS is the cross component steady state value at P3 output. 
Then using Eqs. (7) and (8) we solve for the number of unit delays that takes P3C to reach 

90% of its steady value, for both electrical modulation frequencies fm and fr. Finally, these 
results are multiplied by τ, the unit delay. For a modulation at the measurement frequency fm = 
FSR, this response time can be expressed in a closed form and is given by: 
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where Tcm is the response time of cross power component at fm, ceil means that is rounded to 
the next upward positive integer (including zero). 

For a modulation at the reference frequency fr = 0.2 FSR, the number of unit delays that 
P3C takes to reach 90% of its steady value is found by numerically solving, for N, the 
following Eq.: 

 ( )( )( ) ( ) ( )( )( )2
1 2 1 1 0.4 1 1 0.9

N NL LA K e Cos N A K eα αγ π γ− −− − − + − − =  (10) 

the numerical solution, named Ns, is rounded upward to the next integer, and is multiplied by 
the unit delay τ. The response time of the cross power component at reference frequency fr, 
Tcr, is given by: 

 ( )·r STc ceil Nτ=  (11) 
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as can be seen from Eqs. (9) and (11), both response times are proportional to the unit delay 
in the ring τ, and depend on the fiber ring losses, the FOS attenuation, the coupling coefficient 
and the excess loss factor. If we consider the excess loss factor and the fiber ring losses as 
fixed values, these times are a function of the coupling coefficient K, the FOS attenuation A 
and the unit delay τ. This delay depends on the ring length, but we can normalize the response 
times Tcm and Tcr respect to τ and find their optimal values regardless of the ring length. From 
now on, Tc, Tcm, and Tcr represent the normalized response times. 

The FOSRR normalized response time Tc, is given by: 

 { }max ,m rTc Tc Tc=  (12) 

 
Fig. 5. 3D plot of response time difference Tcm - Tcr of FOSRR vs K (RR coupling coefficient) 
and A (sensor attenuation factor), with fe = 0, γ = 0.025 and fiber attenuation in the ring of 
0.002 dB. 

 
Fig. 6. 3D plot of normalized rise time of cross component in FOSRR output Tc vs K (RR 
coupling coefficient) and A (sensor attenuation factor), with fe = 0, γ = 0.025 and fiber 
attenuation inside the ring of 0.002 dB. 
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From Eq. (9) and the numerical solving of Eq. (10), we find that the response time Tcm is 
ever equal or greater than the response time Tcr. This can be seen in Fig. 5, where a 3D plot of 
the response time difference between Tcm and Tcr as function of K and A, is shown. 

As we can see in Fig. 5, never the Tcr is greater than Tcm. The rapid variation of the 
difference between them around the corner A = 1 and K = 0 in the A vs K plane, is due to in 
this zone there are multiple numerical solutions of Eq. (10), but only the largest one is chosen. 
Then, the response time Tc of the FOSRR, is considered as the response time of the cross 
component at measurement frequency fm = FSR, or Tcm, see Eq. (12). 

Figure 6 shows the normalized response time of FOSRR output cross component vs K and 
A. Larger response times are given for large A and small K values. This is because for large A 
(or small loss in RR) the energy stored in the ring becomes greater, and more time is needed 
to reach its steady state if K is small. On the other hand, the smallest response times are given 
for large K values and preferably small values of A. 

If we compare these results with those of the sensitivity shown in Fig. 3, we observe that 
medium K values (near 0.5) improves the sensitivity, but it would also be desirable to have 
large A values. For this reason, at choosing the A and K parameters can improve the response 
time but decrease the sensitivity or vice versa. 

5. Weighting response time and sensitivity 

 
Fig. 7. 3D plot of weighting function F(A,K) with x = 0.5, the same relevance for sensitivity 
and time response. 

There are different applications for sensor networks, in some cases we have a network with 
few sensors or wherein the data acquisition rate can be noncritical, meanwhile in others it can 
be otherwise. On the other hand, the sensor sensitivity sometimes can be very important, and 
in other cases its value could be less relevant than time response. In a general analysis, both 
parameters can be considered as critical, a weighting function is defined to take both into 
account. This function has two terms, the normalized sensitivity weighted by a factor x, and 
the term related to the response time weighted by a factor of (1-x). This function is given by: 

 ( ) ( ) [ ]1, 1 ; 0,1TnF A K x S x x
Tc

= × + − × ∈  (13) 

where STn represents the normalized total sensitivity that is proportional to d[\H(fm)/H(fr)\]/dA 
and cannot be greater than 1, Tc represents the normalized FOSRR response time and take 
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values equal or greater than 1, and x is the weighting parameter that only takes values 
between 0 and 1. The term 1/Tc, can only take values less or equal to 1. 

From Eq. (13), depending on the x value we can define the relevance of sensitivity and 
response time. As an example, if the only interest is sensitivity x is set to 1. 

Figure 7 shows the weighting function from Eq. (13) with x = 0.5. In this case, the optimal 
K and A values are 0.81 and 0.1 respectively, although values of K = 0.53 and A = 1, would be 
a good choice too. In the same way other optimal values for K and A are found for different 
weightings factors, see Table 1 showing the values of K and A that are optimal for x values 
ranging from 0 to 1 at 0.1 increments. 

From Table 1, there are three optimal operation points that should be used. When we are 
only interested in the response speed, the optimal values of K and A should be high, in our 
case they have been limited to 0.99 and 1 respectively. In this case, the FOS attenuation at 
operation point must be null and the coupling factor the highest the better. When we are 
interested in both parameters, but speed response is more relevant than sensitivity, we must 
use K and A values of 0.81 and 0.1 respectively. It is a FOS attenuation at the operation point 
of 10 dB. When the sensitivity is the relevant parameter; in this case K and A must be 0.47 
and 1 respectively. Again, the attenuation at the FOS must be null. 

Table 1. Optimal and alternative good values of A and K for different weighting factors x 

Weight 
factor x 

Optimal Values  Good Values 
A  K  A K 

0.0 any 1  0.1 any 
0.1 0.1 0.81  0.27 0.64 
0.2 0.1 0.81  0.26 0.65 
0.3 0.1 0.81  0.29 0.65 
0.4 0.1 0.81  0.29 0.65 
0.5 0.1 0.81  1 0.53 
0.6 0.1 0.81  1 0.47 
0.7 1 0.47  0.1 0.81 
0.8 1 0.47  0.1 0.81 
0.9 1 0.47  0.1 0.81 
1.0 1 0.47  0.1 0.81 

There are other alternatives for the parameters K and A named Good Values in Table 1. 
They are mainly local maxima of the weighting function. 

In the case of TDM and WDM networks, the analysis in terms of time response and 
sensitivity is also valid. But in this case, if the different sensors are addressed by different 
wavelengths, additional elements such as fibre Bragg gratings should be used to extract the 
information of each sensor. And frequency self-reference techniques can still be applied as in 
[14,15] and [24]. 

6. Conclusions 
The analysis of the transfer function of self-reference intensity sensors embedded in ring 
resonators, FOSRR, working in incoherent regime, and integrated on a TDM sensor network 
shows that there are optimum design parameters in terms of modulation frequencies, and ring 
resonator coupling coefficient and losses. An electrical modulating frequency of the reference 
signal of 0.2 FSR provides FOSRR response independent to sensor amplitude variations. The 
electrical modulating frequency of the measuring signal of an integer multiple of the FSR 
provides higher output powers improving the signal to noise ratio. There are also a pair of 
frequencies of 0.0135 FSR and of 0.9865 FSR where the output power is almost independent 
on tolerances of the RR coupling coefficient. 

There is a trade-off between higher overall sensitivity and fast response. Both parameters 
depend on the values of RR coupling coefficient K and the FOS attenuation A at the point of 
operation. The maximum sensitivity occurs at a K value equal to 0.47 and A equal to 1. That 
is, a value close to 3 dB power coupling in the ring and a lossless FOS at the operation point. 
The time response of the reference signal is always smaller than the time response of the 
measuring signal. To achieve a short FOSRR time response, K and A should be high, the FOS 
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attenuation at operation point must be null and the coupling factor as highest as possible. 
When we are interested in both parameters, but speed response is more relevant than 
sensitivity, we must use K and A values of 0.81 and 0.1 respectively. Other local minima can 
give good values when both parameters are considered, a specific optimization function is 
provided. 
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