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Abstract 

Improvements over the communications protocols are always a continuous research. Fast 

Frequency Hopping is an important method still in use and orthogonal codes used in SFH-

CDMA are the special interest in several areas of technology. This research uses one coinci-

dent orthogonal code with restrictive adjacent spectral distance for the design of RF correla-

tion detectors based on planar resonators arrays. Inclusion of uniform time delays sections 

between adjacent resonators is a well-known method to improve the MAI, at expenses of 

decrease the data rate and finally the bandwidth of protocol. Another strategy is selecting 

random delays between symbols in the way of adjacent peaks in cross correlation function 

vanishes, improving the dynamic range of asynchronous detector and accordingly the user 

number sharing the channel of communications. 

  



 
 

 

Resumen 

FFH es un método de acceso al canal con amplias aplicaciones pasadas y presentes, dentro 

de este método los códigos ortogonales usados en SFH-CDMA son de especial interés en 

amplias áreas de la tecnología. El presente trabajo implementa códigos ortogonales un coin-

cidentes (1dOC) con restricciones en componentes espectrales adyacentes para el diseño de 

detectores auto correlacionados en RF que usan arreglos de sensores planos. La inclusión de 

retrasos temporales entre resonadores adyacentes es un método que permite disminuir la in-

terferencia entre los usuarios (MAI), en contraposición a la disminución de la velocidad de 

transmisión y finalmente el ancho de banda del protocolo. La selección aleatoria de retrasos 

entre símbolos adyacentes reduce los máximos en la correlación cruzada, aumentando el 

rango dinámico del detector asíncrono y por ende el número de usuarios que comparten el 

canal de comunicaciones. 
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Chapter I 

Introduction 

Generation of efficient orthogonal sequences is a problem to guarantee QoS in communica-

tion protocols in a tradeoff of increasing the complexity of computing generation. One coin-

cident case [1] with restriction in adjacent spectral distance is optimum in several ways, es-

pecially for cross correlation method of detection, exploiting the asynchronous access with 

inexpensive hardware architecture complexity. Chip time in DS-CDMA is equally distrib-

uted; in particular, SFH-CDMA is composed by dwell and dead times that prevent the switch-

ing hardware requirements. The insertion of this time slots improves significantly the MAI 

[2] and avoid collision between similar frequencies. In this research, time delay distribution 

between adjacent symbols is time randomly, decreasing cross correlation side lobes, improv-

ing dynamic range, and increasing indirectly the number of users sharing the channel. 

1.1. Orthogonal Codes 

The introduction and study of sequences used in FH-SS corresponds to several studies that 

cover from 70’s until now [2]. The election of DS-CDMA for the third generation of cellular 

by 3GPP increased the search for bipolar efficient orthogonal sequences, improving the num-

ber of users, easily to implement in software and hardware, with low probability of eaves-

dropping, low cross correlation and high auto correlation. Among the most used sequences 

are the pseudo noise sequences (PN) [3], maximal length sequences, Gold and Kasami se-

quences and so on [4]. However, the one coincident case [1] is an over performance case, but 

with limitation of available codes, as the result of  the number of user to shared media. How-

ever, high autocorrelation and low side lobes of cross correlation make these codes a refer-

ence case to test the time distribution.  

Within a family ℱ of 𝜐 frequencies, the main idea to implement is to find ℳ FH orthogonal 
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sequences with optimal Hamming cross and auto correlation function [5]. Maximize the num-

ber of codes increase the users number but decrease lightly the orthogonal properties. The 

definitions of aperiodic Hamming function [6] improves this requirement. However, the 

probability of collision between adjacent frequencies is an open problem to solve. AFH is a 

modern alternative to share the communication channel in an intelligent way [7], using the 

advances in digital technology. 

One of the most attractive characteristics of hopping frequency-based systems is their high 

resistant method against Jamming and eavesdropping. In fact, the first applications were in 

military scenarios [8][9]. The codes used in Fathallah [10] research are not the optimal for 

the optical application; Bin [1] and orthogonal cases uses this type of codes to prevent colli-

sions in FH-CDMA, mainly due to Doppler effect and avoid MAI, but the optical frequency 

synthesizer allows to introduce passive variables over the structure avoiding digital require-

ments like synchronization and high speed processing. The continuous search for optimiza-

tion of codes for another set of applications arises of mathematical and engineering applica-

tion in telecommunications and cryptography technology. Linear complexity represents [11] 

a parameter to optimize and the number of users is a hot topic to increase the network capac-

ity. 

The cross-correlation coder-encoder has experimented many changes on timeline passing to 

digital era. For the fiber optic communication case, the fiber Bragg gratings (FBG) estab-

lished a lot of attention in sensing methods and potential application for photonics technology 

[12][13]. Recently, resonant structures in planar microwave lines has received a lot of atten-

tion provided by quantum circuits to induce selective photons number over SQUID section 

[14], opening a prolific research area in ESR [15], quantum information [16], particle detec-

tion [17], magnetic field orientation [18] among others. 

1.2. Noncoherent Detection 

Although the main application of orthogonal codes is in CDMA communication field (in-

cluding cryptography) [2], it could be extrapolated to FBG network sensing [19]and in  

SQUID multiplexers or techniques where the arrays of frequencies required individual selec-

tion with a posterior uncovered behavior inside a high random noise. The S-band as a testing 
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part is a very attractive case for different facts. The high interference in certain spectral re-

gions like 2.40 GHz (ISM) allows to include possible testing values in a crowded communi-

cation band, with special consideration in cognitive radio scenarios for future swarm of sat-

ellite communications [20]. 

To test the performance of the insertion of random slot times, the present research takes the 

BER as comparative element. For different communication protocols, performance manager 

applying standards for BER are: DS1 is limited by 6.5 × 10−7, DS3 with 2.2 × 10−8 and 

finally, for the case OC3 is around 6.4 × 10−9. Telcordia, for example uses 10−6 to generate 

minor alarms over the communication and major alarms over 10−3 [21]. Although, for some 

clients this last value represents lost communication. So, values of 10−6 are a good tread off 

for RF links while for optical is 10−9. 

Frequency synthesizers used in OCDMA with FBG [10], based in cross correlation incoher-

ent detection, decreases the complexity and improve the response using only passive ele-

ments. Competition for time and power in modern FH are the hardest and bottleneck imple-

mentation case [22][15]. Inclusion of passive elements could reduce these problems, solving 

without increasing the complexity of the system in all. However, the high 𝑄 on the FBG 

improves the selectivity of the system for OCDMA. Implementation in RF synthesizer using 

planar microwave technology is limited for the material characteristics. All the implementa-

tions and testing part in this research use RO4350B® [23] and the symbols are fixed in S 

band (ISM). Considering the high traffic in this spectrum range is a good concept to test the 

system against high noise floor. 

The contribution presented in this document is the improvement performance in SFH-CDMA 

using random time delays between adjacent frequency symbols over correlation detectors. 

Dynamic range is increased in a factor of two; reduction of sidelobes of cross correlation 

decreases the probability of false detection. Finally, inclusion of blank spaces, equivalent to 

spectral encoding in the optical case OCDMA [24], is not the most efficient method in com-

parison with a correct election of adjacent time/space delays. The method presented here does 

not increase directly the number of users, but reduces adjacent cross correlation peaks and 

noise floor, decreasing the MAI. 
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1.3. Thesis Overview 

For the development of this research, the subsequent organization was followed; first chapter 

presents the main characteristics of orthogonal codes, used as symbol generators. The one 

oincidence with constraint adjacent spectral distance is the main example to use through the 

text using mainly two families of codes; ℋ = (29,12,0,1) and ℋ = (13,4,0,1). This was 

done due to disposal of previous scientific articles to compare proper simulation with re-

ported data. One characteristic of this families founded is the possibility to classify and find 

better options between them, getting generalization over the previous results. The chapter 

ends with the inclusion of random time delays displaying the spreading of sidelobes into the 

initial blank spaces and comparing uniform distribution with the randomly spaces using one 

coincident family generators. 

The second chapter introduces the microstrip method of design and fabrication. Static ap-

proximation is exhibited and used for numerical simulations. Linear resonators with the 

proper techniques of characterization, within the circuit model and computer simulation, 

match according with the experimental method within a margin of 0.5% of error. The testing 

experimental cases was used to compare computational response on time and frequency do-

main used in future design of synthesizers and for the confidence of the simulations. Mi-

crostrip technology is a very well standard techniques with high scale of reproducibly [25]. 

However, fabrication technique is an important issue to take in account using local technol-

ogy. The chapter ends with the inclusion of time delays and their characterization using TDR 

technique. An analysis of physical delays in time domain is an important part over the final 

synthesizer design. 

Next chapter explains the methods of simulation and characterization used throughout study. 

FDTD [26][27] is the numerical method used and XFdtd® 7.3 is the software selected for 

simulations. This part of the document presents the main microwave structures used to final 

design as well as some testing experimental results to compare with simulation results. The 

use of FDTD requires a high computational power. However, the results are very close to 

experimental cases.  The big limitation here is that these structures are resonant devices. The 

chapter ends with Network Analysis, additional to the description of TDR method, which 

was used for previously discussed time delay measures. 
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Section 5 presents the frequency synthesizer design, testing with the family ℋ = (13,4,0,1), 

comparing the uniform spacing case and randomness. The design proposed here only evalu-

ates the cross-correlation detection using one coincident case and delays between adjacent 

symbols. Response of resonator to room temperature is certainly different in quality factor 

against FBG, but the essence of problem is the same. MAI reduction is achieved with similar 

margin presented before in section 2.5 and dynamic range improvement is in order of twice 

using random distribution of delays against uniform distributions. 

Finally, it is presented some general conclusions about the random approach in RF synthe-

sizer, some developments and future studies generated by the random insertion of time delays 

and bibliography references that support the research. 
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Chapter II 

Orthogonal Codes in SFH-CDMA 

The present chapter shows some generalities about OCs, mathematical foundations, and the 

measures of performance against MAI using BER variable. The main purpose is to introduce 

the factors and types of codes used in different spread spectrum communications systems, 

applicable in fiber optics and RF case, i.e. pseudo random sequences used in Bluetooth®, 

radar systems identification and sonar devices. Although the BER is the main objective func-

tion to improve, the definitions of Auto and Cross Correlation Hamming functions will be 

used to compare different type of codes.  

There are many ways to get orthogonal codes for 1D case; OOC (optical orthogonal codes), 

PC (prime codes), QCC (quadratic codes) and so on. The main interest for the present case 

is the OOC, which represent the codes with the best performance against the cross-correlation 

function and multiuser interference resistance, against the difficulty to get these codes. And 

within OOC the one coincident with constraints of distance between adjacent symbols 

(OC1d) [1] are the best example to introduce and test the main idea of frequency synthesizer. 

Add for this, experimental data is available for the case of OC1d, which could parametrize 

and normalized the results of simulation. Finally, the chapter concludes with the way for non-

coherent detection communications protocols where this type of codes is used. 
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2.1. One coincidence code with distance constraints  

Sequences are widely used in communications, these are founded in applications like correc-

tions errors, cryptography, redundancy introduction, secure hopping systems and channel ac-

cessing. The topic in the present research correspond the last applications, frequency hopping 

(FH) sequences used for FH-CDMA accessing, the set of codes is denoted by ℋ =

(𝑞, 𝐿, 𝜆𝑎, 𝜆𝑏), where 𝑞 is the total symbols (or equivalent available carriers) included in the 

cyclic additive group of order 𝑞: ℱ = {𝑓0, 𝑓1, . . . 𝑓𝑞−1}, 𝐿 is the length of each sequences and 

𝜆𝑎 and 𝜆𝑏 corresponds to maximum Hamming auto-correlation sidelobe (with 𝑡 ≠ 0) and 

minimum cross-correlation (1); if 𝑋 = (𝑥0, 𝑥1, . . . 𝑥𝐿−1), 𝑌 = (𝑦0, 𝑦1, . . . 𝑦𝐿−1)  ∈ ℱ and 

𝐻𝑋,𝑌(𝑡) the Hamming classical measure distance is: 

𝐻𝑋,𝑌(𝑡) =∑ℎ[𝑥𝑖 , 𝑦𝑖+𝑡],

𝐿−1

𝑖=0

   0 ≤ 𝑡 < 𝐿 (1) 

To classify the performance of different families ℋ, considerer 𝛬(ℋ) = 𝑚𝑎𝑥
𝑋,𝑌∈ℋ

(𝜆𝑎, 𝜆𝑏). In 

the 70’s Lempel and Greenberg [28] (2) developed an expression for lower bound and until 

2004 Peng and Fang [6] (3) got an expression with more insights in the nature of this type of 

sequences, respect to length and cardinality. This condition is applicable for set of 𝑀 se-

quences, so if ℛ ⊂ ℋ the bounds are expressed by: 

𝑚𝑎𝑥
1≤𝑡<𝑛

{𝐻𝑋,𝑋(𝑡)} ≥ ⌈
(𝐿 − 𝜖)(𝐿 + 𝜖 − 𝑞)

𝑞(𝐿 − 1)
⌉ (2) 

𝛬(ℛ) ≥ ⌈
𝐿(𝐿𝑀 − 𝑞)

𝑞(𝐿𝑀 − 1)
⌉ 

(3) 

𝛬(ℛ) ≥ ⌈
2𝐼𝐿𝑀 − (𝐼 + 1)𝐼𝑞

𝑀(𝐿𝑀 − 1)
⌉ 

Where 𝜖 is the least nonnegative residue of 𝐿 module q and 𝐼 = ⌈𝐿𝑀/𝑞⌉. The set of sequences 

with these conditions represent optimal case, however the construction of the set for any 

values of 𝐿 or 𝑞 could be computationally and mathematically complex to get. Some con-
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structions are limited to powers of prime values (𝑞 = 𝑝𝑚) using algebraic, geometry or syn-

thesis constructions, in some cases and for determined combinations of values the set of ele-

ments is very small and only can support a low number of users. The case 𝛬(ℋ) = 1 is the 

case of outperformance and can be optimized with the additional condition of adjacent sym-

bols with a minimum distance value 𝑑. 

Bin [1] proposed an algorithm to get families of codes using generators with some properties, 

with restrictions in the number of symbols 𝑞 and distance values 𝑑. Although this type of 

codes was designed for RF application case, they received particular attention in the begin-

nings of optical CDMA, Fathallah [10] developed a hardware implementation for OCDMA 

using Bragg gratings like encoded elements in the frequency synthesizer and using the codes 

of proposed by [1]. 

The Bin’s algorithm is based in a continuous (random) search of a vector that fulfillment two 

conditions, although the search of the generator vector Ϝ𝑗 is not always successful, the method 

could find in some cases fast sets of sequences with the Hamming cross correlation value 

required, restriction of distance between adjacent symbols determines the length of sequence. 

For example, the family ℋ = (29,12,0,1) presents 40 different generators, [10] use 𝑔0 =

{13, 9, 12, 11, 14, 10, 16, 20, 17, 18, 15, 19} like generator and implement the synthesizer 

with user codes presented below (Figure  1). 

 

 

 

 

 

 

 

Figure  1 One coincident code with adjacent distance restriction The family ℋ = (29,12,0,1) with distance 

of 8 between adjacent symbols, the total users could be 29 but the performance for 15 users in OCDMA the 

Time 

13 User 1 22 5 16 1 11 27 18 6 28 10 0 

14 User 2 23 6 17 2 12 28 19 7 0 11 1 

27 User 15 7 19 1 15 25 12 3 20 13 24 14 

12 User 29 21 4 15 0 10 26 17 5 27 9 28 

𝑇𝐻 𝑇𝐻 
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levels of BER are over 10−6 . The RF case use each carrier time hopping (𝑇𝐻) or dwell time. The code family 

was producing with Bin method and bellows to optimal case. 

The use of (OC1d) codes implies the restriction of spectral uses of the frequency and near 

spectral values, for example the standard IEEE 802.11 (Bluetooth®) with 𝑞 =  78 symbols 

applied the condition for 𝑑 >  6 and use 3 sets of 26 codes for the network, the way to pro-

duce this codes is using pseudo random codes. Clearly, with the increase of users the proba-

bility of collision between adjacent slot times with the same carrier frequency, increase the 

false detection probability and finally the MAI of the system. 

2.2. Properties and generation  

The one coincident (OC1d) sequence set ℋ, with distance restrictions 𝑑, has the following 

properties, with 𝐾 =  {𝑓0, 𝑓1, ⋯ , 𝑓𝐿−2, 𝑓𝐿−1} ∈ ℋ: 

i. All the sequences have the same length 𝐿: 𝑐𝑎𝑟𝑑(𝐾) = 𝐿, ∀𝐾 ∈ ℋ 

ii. Each 𝑓𝑖 ∈ ℱ appear at maximum one time in a code.  

iii. The maximum value for 𝐻𝑋𝑌 is 1 for any value of 𝜏. For 𝑋, 𝑌 ∈ ℋ 

iv. For all element of the family 𝐾 ∈ ℋ, |𝑘𝑖  −  𝑘𝑖+1| > 𝑑 

The Bin algorithm [1] is based in a combinatorial search, the hypothetical generator vector 

ℱ𝑗 is constructed with cumulative values 𝐷𝑗 , the main idea is to find a vector where all the 

cumulative values are no repetitive. Although for the case of 𝑞 even is suboptimal, the odd 

case always produces an optimal family. The ℋ = (29,12,0,1) family, could be produce an 

easy way of tens of families using brute force (randomly) Figure  2 with a (day of today) 

commercial PC. The procedure is the following: 

For a given 𝑞 and 𝑑, the length of the sequence is 𝐿 = 𝑞 − 2𝑑 − 1, construct a permutation 

of set 𝐴 =  {𝑑 + 1, 𝑑 + 2, . . . , 𝑞 − 𝑑 − 1} = {𝐶1, 𝐶2, . . . , 𝐶𝐿}, in the way that: 

a. 𝐶𝑖 + 𝐶𝑖+𝐿/2 = 𝑞, for 1 ≤ 𝑖 ≤ 𝐿/2. 

b. 𝐷1(𝑗) ≠ 𝐷1(𝑗) ≠ 𝐷2(𝑗) ≠. . . ≠ 𝐷𝐿(𝑗), for 2 ≤ 𝑗 ≤ 𝐿/2 

Where 𝐷𝑛(𝑗)  =  𝐶𝑛 + 𝐶𝑛+1+. . . +𝐶𝑛+𝑗−1(mod q) 
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The search of the generator ℱ𝑗 = (𝐷1(1) + 𝑗, 𝐷1(2) + 𝑗, 𝐷1(3) + 𝑗, . . . , 𝐷1(𝐿) + 𝑗), implies 

a try-error method with each possible permutation of set 𝐴. With a random approach the 

algorithm can produce enough list of applicable families codes (Table 1), although it is not 

the total theorical families, the value converge and the advantage is the possibility to explore 

the performance of the system respect to the codes family to be used in the final synthesizer. 

Although the conditions a) and b) do not guarantee equal spectral requirements of the gener-

ators ℱ𝑛, this presents the opportunity to classify the codes in terms of BER and select the 

best option in terms of synthesizer performance. 

 

Figure  2 Try-error method  The System over 100 tries produce certain amount of families, each family has 

different spectral performances, so the system in general depends over the hardware final construction. The 

rational fitting produce an asymptotic approach to the maximum family generators, with computing time of 

less than 1 minute the brute force method can produce all the possible family codes that produce [1] 

2D and  3D codes [29] with the requirement to increase of users number require the combi-

nation of phase, amplitude or time. Fiber optics implementations increase the attention, but 

the Bin case represent the top case of 1D codes with best spectral performance for RF CDMA 

application. To increase the cardinality of codes, Kim proposed an algorithm to insert blank 

spaces [24], next to generalizing the odd and even values for 𝐿 in Bin algorithm of generators 

procedure [30], allowing any value for the adjacent distance and extension of codes. 
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The Kim approach defined the family 𝐾 ∪ {⨂}, select a generator similar to the Bin case and 

select a sequence of time spaces 𝐵𝑖 = {𝑏0, 𝑏1, … , 𝑏𝑖, … , 𝑏𝑘} where 𝑏𝑖 represents the number 

of spaces to insert between 𝐷𝑖 and 𝐷𝑖+1, the new 𝐶𝐷,𝐵 = {𝑠(0), 𝑠(1), … , 𝑠(𝑞−1) }. The new 

cardinality is 2𝑞 against the 𝑞 initial value. However, the time in encoding or decoding sys-

tem decrease the transmission rate.  

 𝒒 𝒅 𝑳 Time (s) Total ℱ𝑗  Generator Bin [1] 

7 0 6 10 7 1 3 2 6 4 5 

7 1 4 10 4 2 3 5 4 

9 0 8 10 ~ non-existence 

9 1 6 10 ~ non-existence 

9 2 4 10 4 3 7 4 0 

11 0 10 30 17 1 2 4 8 5 10 9 7 3 6 

11 1 8 30 ~ non-existence 

11 2 6 60 9 3 4 6 8 7 5 

13 0 12 60 22 1 2 4 8 3 6 12 11 9 5 10 7 

13 1 10 60 ~ non-existence 

13 2 8 60 14 3 5 6 4 10 8 7 9 

13 3 6 20 9 4 5 7 9 8 6 

15 1 12 60 ~ non-existence 

15 2 10   3 9 7 4 5 12 6 8 11 10 

15 3 8   4 6 7 5 11 9 8 10 

Table 1 Comparison random search algorithm using Bin approach. The computer power has had a real ad-

vance in the last years, so the comparison on time is no proportional to Bin table several families of codes im-

plied different performance (Tries for this case is NT = 1000000). 

Although the OC1d were initially designed for RF-CDMA case, the first attractive applica-

tions occurred by Fiber Optic CDMA or OCDMA, in fact, Fathallah developed a hardware 

implementation using Bragg gratings like encoded elements in the frequency synthesizer, 

additionally conclude about of time insertions: “physical spacing between gratings reduces 

the probability of coincidences between users” [10]. 

The arbitrary time delay introduced by Kim exploits this idea, however the case supported 

mathematically by Kim required spaces of constant time (constant length of fiber optics for 
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OCDMA). From the point of fabrication, the separation between symbols is easily changed 

and could be adjusted both in fiber optic and RF microwave transmission lines, which is the 

case presented here. 

Before to include the insertion of time, it is necessary to include the parameters to compare 

the different families or generators, the description of the synthesizer and measure methods 

are presented based on previous literature results. 

2.3. Synthesizer in OCDMA 

The correlation detector hardware proposal by Fathallah [10] correspond to an array of Bragg 

gratings, spectral distance and spatial positions are provided by OC1d (Figure  3). optical 

pulse is inserted in port A and sequence of frequency reflecting carriers are produced in port 

B, hopping velocity is limited by distance between adjacent FBG; the encoding is based in 

FBG with uniform apodised and coupling coefficient 𝜅0 = 220, ℋ = {29,12,0,1} with gen-

erator 𝐺0 = (13,9,12,11,14,10,16,20,17,18,15,19). 

 

Figure  3 Optical Frequency synthesizer Port 𝐴 is the input signal, 𝐶 and 𝐷 is an absorbing mechanism due to 

reflecting nature of FBG, 𝐵 is the output or connection to communication channel and finally the correlational 

detector is provided by a power detector. The figure shows a code with fourth symbols and time delays be-

tween adjacent resonators. The order on the receiver is just reverse in the emitter order 

∆𝜏2 𝐿 ∆𝜏1 𝐿 

𝜆1 

∆𝜏3 𝐿 

𝜆3 𝜆4 

𝐿 

𝜆2 𝐴 

𝐵 

𝐶 

Emitter 

Channel 

∆𝜏2 𝐿 ∆𝜏3 𝐿 

𝜆4 

∆𝜏1 𝐿 

𝜆2 𝜆1 

𝐿 

𝜆3 𝐷 

Receiver 

Power detector 

𝐵′ 
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The reflectivity profile for Bragg grating case is given by the expression (4), where 𝜅𝑎𝑐 is the 

ac coupling coefficient, 𝐿 is the length of FBG, 𝛿 and 𝛼 are variables related with the apodi-

zation function [31]. The apodization profile presented by Fathallah in [10] contain the sinc 

case and parameters of synthesizer are specified. 

𝜌(λ, L) =
−𝜅𝑎𝑐 𝑠𝑖𝑛ℎ(𝛼𝐿)

𝛿 𝑠𝑖𝑛ℎ(𝛼𝐿) − 𝑖 𝛼 𝑐𝑜𝑠ℎ(𝛼𝐿)
 (4) 

Optical pulses enter in 𝐴, travels between each Bragg grating with a defined 𝜌(λ, L) profile 

(Figure  4) and the sequence is transmitted by port 𝐵 over the optical circulator (𝐶 correspond 

to absorber element). To decode, the sequence order is inverted, and the output final signal 

is compared by a threshold in port 𝐵’ using the power detector. The detection is completely 

asynchronous, and the interference arrived of another encoder users increase noise floor and 

in consequence false alarm for the communications process. 

 

 

Figure  4 Uniform apodized FBG The adjacent symbols are vertical gridlines, for the uniform case this is the 

final second lateral lobule, the adjacent interference is causing interfering power for total MAI, in fact the Bin 

algorithm required minimum distance between adjacent symbols, the analyzed case by Fathallah [10] select 8 

like spectral distance between consecutive symbols 

𝐿0 

Λ, 𝜅0 

𝑃0 
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To calibrate the simulation performance of the codes the data provided by Fathallah allows 

to normalize the data. So, it is necessary to include the main parameters based fundamentally 

in BER and cross correlation values. The worst case considered is based on all the signals 

arrived at same phase, this case has low probability and in some researches the value of BER 

is less, however, this represent the worst scenario to work. 

2.4.  Quality Measure 

The energy on the power detector (Figure  3) could be expressed like superposition of the all 

the income signals, for the case of CDMA the user 𝑥 send the information encoding with the 

respective orthogonal code, the signal over the channel could be expressed by (5), 𝑑𝑘,𝑗 rep-

resent the binary value encoding in the user sequence of code, 𝐿 is the length of the code and 

𝑝𝑗(𝑡) is the impulse response to the Bragg grating which in frequency domain is presented 

in Figure  4. 

𝑥𝑘(𝑡) = ∑ 𝑑𝑘,𝑗𝑝𝑗(𝑡 − 𝑗𝑇𝑐)

𝐿

𝑗 = 1

 (5) 

If the channel there are 𝐾 active users, the superposition of signal on the receiver 𝑟(𝑡) (6), 

with 𝜏𝑘 the phase difference between each signal, in this case the worst scenario is 𝜏𝑘 = 0 

for all the users signal and 𝑏𝑘 represent the binary value. 

𝑟(𝑡) = ∑ 𝑏𝑘𝑥𝑘(𝑡 − 𝜏𝑘)

𝐾

𝑘 = 1

 (6) 

The power input on the receiver 𝑃(𝑡) (7) generally is due to power detector with integral 

energy over the total time symbol, if the user 1 has the code 𝑐1(𝑡) the input can be expressed 

like the following expression: 

𝑃(𝑡) = ∫ 𝑐1(𝑡)𝑟(𝑡)𝑑𝑡
𝑇

0

= 𝑏1∫ (𝑐1(𝑡))
2
𝑑𝑡

𝑇

0

+ ∑ 𝑏𝑘∫ 𝑐1(𝑡)𝑐𝑘(𝑡 − 𝜏𝑘)𝑑𝑡
𝑇

0

𝐾

𝑘 = 1

 (7) 

The first term on the right side correspond to energy of the effective information and the 

second term is the energy of the interference between users respectively (MAI), the key of 

the orthogonal codes is to decrease the energy coming from the cross-correlation function, 
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another parameter to considerer is the delay element between adjacent symbols 𝜏𝑘 which 

introduce asynchronous from another signals. The element to minimize is the interference 

part, i.e. the cross-correlation function between each user code (8), for now we are going to 

considerer elements in a more general sense. 

〈𝑐𝑖, 𝑐𝑘〉 = ∫ 𝑐1(𝑡)𝑐𝑘(𝑡 − 𝜏𝑘)𝑑𝑡
𝑇𝑚𝑎𝑥

0

 (8) 

Where 𝑇𝑚𝑎𝑥 corresponds to the maximum duration of the pair of symbols 𝑇𝑐, equivalently 

chip time for analogous CDMA case, plus the time physical separation ∆𝜏𝑖. taken each pair 

of codes to get the variance (9), where the 𝑥 value corresponds to energy in a defined time 

and 𝑓𝑋(𝑡) is the cross-correlation power signal. 

𝜎𝑥
2 = 𝐸(𝑋 −  𝜇𝑥)

2 = ∫ (𝑥(𝑡) −  𝜇𝑥)
2𝑓𝑋(𝑡)𝑑𝑡

+∞

−∞

 (9) 

The cross-correlation functions for power signals for discrete case have described by the 

expression (10), the evaluation to include the spaces between adjacent symbols require time 

dependence or semi-continuous, so the value 𝑀 in (10) represent the number of points to 

considerer and not the length of the user code. 

𝜌𝑋𝑌(𝑙) = 𝑙𝑖𝑚
𝑀→∞

1

2𝑀 + 1
∑ 𝑋[𝑛]𝑌[𝑛 − 𝑙]

𝑀

𝑛=−𝑀

 (10) 

To normalize the cross correlation is using the two following expressions: 

𝜌𝑋𝑋(𝑙) =
𝑟𝑋𝑋(𝑙)

𝑟𝑋𝑋(0)
 

𝜌𝑋𝑌(𝑙) =
𝑟𝑋𝑌(𝑙)

√𝑟𝑋𝑋(0)𝑟𝑌𝑌(0)
 

(11) 

The average power of each user can be expressed by the following expression (12), where 

ℇ(∙) is the mathematical expectation. The detector is directly the cross-correlation function, 

so the mean power received is under the correlation function. For example, the family ℋ =

(29,12,0,1) using the parameters in [10] produce the power interference profile presented in 
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Figure  5, the central peak is the value to optimize against the adjacent peaks which are pro-

vided by the power of another encoders users, finally although the codes are one coincident, 

increasing the number of user produce superposition of adjacent peaks of another codes. 

ℇ(|𝜌𝑋𝑋(𝑡)|
2) = 𝜎𝜌𝑋𝑋

2 + |𝑚𝜌𝑋𝑋|
2
 (12) 

The main hypothesis of this research is to find a way to decrease the MAI interference in-

cluding random spaces between adjacent symbols, this method spread the noise of lateral 

cross correlation power values, the case presented in Figure  5 do not use adjacent spatial 

values. 

 

Figure  5 Performance for family 𝐻 = (29,12,0,1) in OCDMA Clearly with 15 interferers the cross-correla-

tion lobules generating false errors of detection, this adjacent lobule is almost the half of power of main line. 

This result is was calibrated using data by Fathallah [2] 

The SIR (13) is an important entity in communications to indicate the quality of link between 

a transmitter and receiver in a multi transmitter-receiver environment. If the system has 𝑁 

nodes inside the network which simultaneously can transmit and receive at the same time 

using the same channel, the received SIR could estimate with the following expression at 

receiver 𝑖 with 𝑁 active elements: 
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𝑆𝐼𝑅𝑖(𝑘) = 𝛾𝑖(𝑘) =
𝑔𝑖𝑖𝑝𝑖(𝑘)

𝜐𝑖 + ∑ 𝑔𝑖𝑗𝑝𝑗(𝑘)
𝑁
𝑗=1,𝑗≠𝑖

 (13) 

Where 𝑝𝑖(𝑘) is the transmission power of transmitter 𝑖 at time step 𝑘, 𝑔𝑖𝑗 is the link gain 

from transmitter 𝑗 to receiver 𝑖 and 𝜐𝑖 represents the receiver noise at receiver 𝑖 There some 

techniques to estimate the SIR value, gaussian approach overestimate the BER values, in this 

case, it will assume the probability of access to channel using the normal approach, so the 

SIR could be written by the expression (14), where 𝜎2 is the main value of (9), taken of each 

pair of codes of all possible combinations. 

𝑆𝐼𝑅 =
𝑁2

𝐼𝑇
2 =

𝑁2

(𝐾 − 1)𝜎2
 (14) 

Assuming normal accessing to the channel and independent users, the probability of error is 

represented by the expression (15), the final performance of the channel is presented in Fig-

ure  6, the case of no spatial insertion generate a value of error superior to the case of intro-

ducing constant values between adjacent symbols, however the family of codes presented by 

[10] it is  not the only one and with  the metrics presented  by the (9) (10)  and (15), we can  

𝐵𝐸𝑅 = 𝑃𝑒 = 𝑄√𝑆𝐼𝑅 =
1

2
erfc (√

𝑆𝐼𝑅

2
) (15) 
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Figure  6 Insertion of spaces between adjacent symbols. The insertion of spatial separation ∆𝜏𝑖 in synthesizer 

(Figure  3) improve the response over the final BER in the communication system. However, increase the sep-

aration implies a chip time (𝑇𝑐) longer. The initial proposed separation in [10] is 8 mm, with a length in the 

Bragg grating of 10mm. 

proceed to check the complete family generator ℋ = {29,12,0,1}. Previously to this, we 

need another notation ℋ = (𝑞0, 𝐿, 𝑘, 𝜏,max(𝐻𝑋𝑌) , max (𝐻𝑋𝑋)), where 𝑘 is the number of 

blank spaces and 𝜏 is the spatial distance between adjacent encoding Bragg gratings. For 𝑘 =

0, the family is reduced to Bin approach, but for simplicity using ℋ = {q, d, 0,1} for OC1d 

case, in real implementation 𝜏 ≠ 0 and generated a little improvement over the synthesizer 

response. 

Performance of introducing white spaces using [30] is shown in Figure  7 and Figure  8, Bin 

approach comparison clearly exhibit a distinction between spectral response and increase 

time delays behaviors, both elements allow to control the final BER on the synthesizer de-

tection, but the delays introduced by the white spaces it is not enough to control the rise of 

sidelobes in cross correlation function, in fact, the family 𝐵 (Figure  7) which use insertion 

of blank spaces, increasing the user number but cross correlation behavior (Figure  8) with 

25 users produce equal proportion of valid and incorrect data. On the other hand, family 𝐷 

requires double carriers, but in terms of spectral conditions over performance the behavior 

of D, even with minimum physical separation between each encoder resonator.  
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Figure  7 Blank insertion against spectral numbers Insert blank spaces, although increase the number of user, 

the performance in terms of BER is at least the same that include only spatial separation, like C and D fami-

lies, however the increase of user numbers is another topic to improve. 
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Figure  8 Kim Codes performance on time domain. On the left, the cross correlation using the code belong to 

the family ℋ = (15, 8, 7, 0.0 𝑚𝑚, 1, 0) with 15 interferers and on the right corresponds to 25 interferers for 

asynchronous case. The predictions over Figure  7 show a bad performance, with near of 15 users the BER is 

below to 10-7 inferior to limit of multimedia requirements in OC3 standard. 

Another way to inspect the impact the sharing channels, due to increase user number, is the 

rise in the level of noise floor tending to reducing the dynamic range in channel communica-

tion (Figure  8). Clearly, to decrease  𝜎2 one way is using more time in the total length of the 

chip time or improve the spectral values, i.e. equivalent to increase the number of frequency 

symbols. 

The Hamming cross correlation function is a discrete measure of coincident slot frequencies, 

but in continuous time domain, dynamic range is a direct parameter over detector to include 

in BER calculations, so some parameters of the resonators are required to be included, spe-

cifically the spectral response, time physical delays and the power detection profile, for the 

present study the distribution of spaces is the main objective. The limitation for the FFH 

OCDMA, showed with family B in Figure  7, is the delay time between FBG, introduction 

blank spaces decrease the bit rate, increase the user number but even that, adjacent cross 

correlation peaks increase proportional with the user number (Figure  8). 
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Before to introduce the random distribution of distances between adjacent symbols, the re-

sponse of each family’s element ℋ = {15, 8, 0, 0.0 𝑚𝑚, 1, 0} is generally a little bit different, 

so the comparison introducing the random spaces will be use the best generator belongs to 

family, in fact Figure  9, generators belongs to ℋ = {29, 8, 1, 0} contains small range of 

changes close to fractions of an order of magnitude. 

 

Figure  9 Generators performance comparative The generators applied over the OCDMA case performs a 

little bit different over the system, so there are optimal generators inside the optimal OC1d cases, the main 

suspect is around the final spectral response. 

2.5. Random delay insertion 

The main hypothesis of this research is that inclusion of delay time like [24] but only the 

equivalent physical spaces, not using the equivalent space of the Bragg grating length, reduce 

the conflictive peaks over cross correlation detector, but distributed randomly, this spread the 

sidelobes peaks over the cross correlation, increasing the dynamic range and thence increase 

the BER in communication protocol. 

Clearly, the extension of delays between adjacent symbols reduce the data rate transmission, 

but physically, this spaces are required for the construction of FBG process [13], initially the 

insertion  times  are equals spaced, in the  structure  on  Figure  3, the length  spaces  present  
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Figure  10 Random spaces cross correlation. In time domain, using the family ℋ = {29, 8, 0, 4 𝑚𝑚, 1, 0} the 

performance is evaluated, the insertion of random times distribution between symbols allow to reduces the 

lateral lobules in cross correlation (a) and (c) compare the case of uniform vs random distribution of spaces, 

the sparse of power using 25 users in (b) and (d) produce an clear example where the some adjacent peaks 

could produce false detection bits, in (d) the blank spaces of (b) are spread with power, this is equivalent to 

reduce the maximum power in one coincident cases, which represent the insertion of noise. 
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uniform distribution for ∆𝜏𝑖, so for each user we need to define the user code like a compo-

sition of spectral sequences plus the distribution of spaces between adjacent symbols (16). 

�̃�𝑖 = {
 (𝑓0, 𝑓1, 𝑓2, … , 𝑓𝐿−1)

(∆𝜏𝑖0, ∆𝜏𝑖1, ∆𝜏𝑖3, … , ∆𝜏𝑖𝐿−2 )
} = {

 𝐶𝑖
𝜏𝑖(𝐿−1)

} (16) 

The requirements of random time distribution is to generate values in such a way that side 

lobes of cross correlation decrease the energy value and spreading over the delay empty spec-

tral cases, this problem has several similarities with Golomb ruler problem [32] and partitions 

generation [33], practical use is for channel allocation frequency to reduce intermodulation 

interference [34], radio antenna placement [35], cryptography [36] and four wave mixing 

crosstalk in DWDM [10]. The generation of this spaces reduces the probability of matching 

the only one coincident case between two sequences, that corresponds to maximum condition 

that contain cross correlation 𝐶𝑖 and the main cause of rise some lateral peaks (Figure  11). 

 

(a) (b) 

Figure  11 Random spacing. With 4 spectral components the reduction of sidelobes is presented and dynamic 

range increase. The spreading phenomena clearly reduces the (a) high peaks in uniform time distributions and 

with (b) random time distribution avoid the superposition between one coincident case in the cross-correlation 

function. 



24 

 

The family considered here ℋ = {13, 4, 0, 4 mm, 1, 0}, clearly with shortest length of code, 

decrease the probability of find a high lateral lobule in cross correlation function, but one 

coincident case implies that main lobule is at least fourth times the power of one coincident 

case, which ostensibly reduce dynamic range. The optimal generator found it for this case is 

G0 = (5, 6, 8, 7), with all the users sharing the channel (Figure  11a) and with uniform sep-

aration between symbols, increase probability of false alarms, but again introduce randomly 

length separations, reduce at maximum one coincident case for the superposition of all users 

(Figure  11b). 

For now, it was used methods used in OCDMA, the response for RF is not equal in the sense 

of using different RF resonator and material characteristics, however, even considering prop-

agation on conductive transmission lines, combination of random delays using cross correla-

tion encoders improve the detection method, allowing to share the channel without decrease 

the QoS against increasing the user number. 

2.6. Summary 

The OC1d were introduced within their mathematical properties and algorithm generation. 

Main results arose from OCDMA and with the synthesizer of Figure  3 some families of 

sequences had been detected to produce better performance. Exploring the insertion of time, 

delay spaces produce an even known result of increase the number of users [24] but the side-

lobes of cross correlation is still increasing, so the dynamic range is strongly affected, one 

way to reduce this peaks could be done spreading this energy in not concurrent spaces, af-

fecting the one coincident conditions but in time domain. 
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Chapter III 

Planar Resonators in Microwave Technology 

The implementation and testing of orthogonal codes using Microwave technology allows to 

differentiate each user in time and frequency domain analog to fiber optic case with similar 

spectral and time scaled characteristics. The main limitation of using passive elements is the 

requirements of high-quality values (𝑄), or equivalently to high selectivity spectral elements. 

Conversely, the high integration of passive elements, compatibility with RF industry tech-

niques of fabrication, reproducibility, standard methods of calibrations and measurement, 

makes the planar transmission lines (PTL) a choice to check rapidly structures like the syn-

thesizer proposed. 

Although, there are a lot of structures, geometries and studies about resonators on microwave 

substrate, recently it appeared new models and studies supported at present by a lot of appli-

cations; design of filters, antennas for 5G applications, superconductor resonators for quan-

tum computations, microwave kinetic inductance detectors, sensing abilities among others. 

The technology selected in this research was Microstrip. However, the control of impedance 

is a little tricky against Coplanar Waveguide (CPW). the technology allows a high range of 

parameters like impedance and has a high compatibility with PCB fabrication in the elec-

tronic industry. 

This chapter contains the basis of Microstrip technology applied for fabrication, characteri-

zation and testing of the resonators. The first two sections explore the basis of propagation 

in this technology within the dependences of geometry and materials properties. The circuit 

analysis allows to interpret the coupling factor and the limitation of the capacitance and its 

delicate design to improve the 𝑄 final value.  
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3.1. Planar Transmission Line Resonators 

In relation to another type of technologies for fabrication of resonators, the final 𝑄 factor is 

very limited using only transmission lines (Figure  12a). Two of the major limiting factors 

are: the losses due to substrate and conductor materials and the mode of propagation in this 

technology, where the quasi-TEM mode finally is concentrated in a finite section of a mate-

rial (Figure  12b), resulting in a limit frequency for propagation. On the other hand, the pro-

cess of fabrication in thick films is standard and well characterized with conventional tech-

niques like lithography, laser ablation or mechanical machining. 

 
 

 (a) (b) 

Figure  12 Performance of resonator techniques classified by (a) technology of fabrication [37] and particu-

larly the case of Microstrip (b) [38], where the limit is based on the mode of propagation and losses on com-

mercial substrates and standard temperatures of conduction. 

The two situations mentioned above limit the performance of the final symbol (resonator) in 

consequence, the synthesizer function, and the hardware requirements to test. The 𝑄 factor 

is deduced directly from the bandwidth (𝛿𝑓) (17) and the separation between adjacent sym-

bols, so the model of the resonator is essential for the final design. The 𝑄 factor is defined by 

expression (17), which express in general the quality factor for the system. In planar circuits, 

𝛽 corresponds to propagation constant, 𝑓0 is the resonant frequency, 𝛿𝑓 is the bandwidth and 

𝛼 is the attenuation constant, which include radiation losses (𝛼𝑟), dielectric losses (𝛼𝑑) and 

conducting losses (𝛼𝑐). 
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𝑄 =
𝑓0
𝛿𝑓

=  
𝛽

2𝛼
 (17) 

For the frequencies of interest, the radiation losses can be neglected, only the conduction and 

substrate part are determinant for final value of 𝑄. The commercial substrates for RF industry 

have metallization of Copper and values of tan 𝛿 ~10−3, so the limits for quality are nearly 

hundreds for planar circuits, i.e. Rogers® materials like RO4350B (Figure  13) and RO3010 

using microstrip technology allow high ranges of impedance with cutoff frequencies of 

50 GHz, increasing the frequency increase the losses mainly in the conductor part, but de-

crease the dimensions of the system. For the frequencies and materials used, the primary 

source of losses is the conducting part, finite conductive copper limits this value. 

 

Figure  13 Losses for different frequencies using like example RO4350B substrates (Copper of 17.5 𝜇𝑚 and 

substrate profile of 0.51 𝑚𝑚), the characteristic impedance in microstrip technology is mainly a function of 

geometrical and material parameters 

From the point of view of microwave technology, the resonator can be analyzed using three 

ways: distributed elements, lumped elements, and physical model. Approximately near to the 

resonance, the resonator is equivalent a 𝐿𝐶𝑅 circuit, so all the energy loaded in the capacitor 

part is passed directly to inductor part, if the system does not have resistance or impedance 

associate a medium, the interchange of energy could be stablishing like an ideal oscillator. 
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Clearly, the energy of electric field and magnetic field are the same and the total energy saved 

in the circuit is given by the expression (18). 

𝑈(𝑡) = 𝑈𝐸 + 𝑈𝐻 = 
1

2
𝐿𝐼2 +

1

2
𝐶𝑉2 (18) 

Where the first term refers to magnetic energy and the second one electric. The quality factor 

physically represents the capacity of the system to transmit/receive energy in a frequency 𝜔 

(1), where �̅� is the average energy stored and 𝑈𝐿𝑜𝑠𝑠 is the rate of loss energy for the system. 

So, in a perfect system without losses the quality factor tends to high values. For optical 

resonators, the quality factor is in order of 107 and for superconducting planar resonators in 

microwave frequencies tends to the same order. 

𝑄0 = 𝜔
�̅�

𝑈𝐿𝑜𝑠𝑠
 (19) 

For the planar resonator, the ways to dissipate the total energy 𝑈(𝑡) is by using two factors: 

pure resistive part 𝛼𝑐 and the dielectric losses 𝛼𝑑. Using the equivalent lumped elements and 

the relation (18), the internal quality factor and resonance frequency of the resonator could 

be expressed respectively by:  

𝑄0 =
1

𝑅
√
𝐿

𝐶
       and      𝜔 =

1

√𝐿𝐶
 (20) 

Another way to express it is by using a relation between the two independent losses (21). 

Figure  13 indicates for small conductor widths, the conductor quality factor limited the final 

performance of the resonator and for microstrip conductors widen the substrate is the limiting 

part. The internal quality factor could be expressed by the parallel combination (21) of the 

two quality factors, conducting and substrate. 

1

𝑄0
=
1

𝑄𝑐
+
1

𝑄𝑑
 (21) 

This relation of quality values is valid for the case of resonator isolated from the physical 

world, 𝑄0. For planar circuits, the coupling is capacitive through feedlines or waveguide 
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coupling. So, the final value of 𝑄, denoted by 𝑄𝐿 must include the internal physics of 𝐿𝐶𝑅 

system, 𝑄0 and the coupling external effects 𝑄𝑒. Or a parallel combination of both systems 

(22). This dependence with the external part will be explored in the next section. 

1

𝑄𝐿
=
1

𝑄0
+
1

𝑄𝑒
 (22) 

Referring to the planar structures, a few advantages of using these technologies are the pos-

sibility to integrate the synthesizer with another systems, use standard methods of character-

ization of Microwave Technology industry and using techniques of fabrication for electronic 

industry. 

The resonance in this type of structures exploits geometrical interference in 𝜆/2 or multiples 

of this one. There are a lot of geometrical structures to produce resonance, from fractals to 

standard linear in transmission or reflection case depending on coupling method, Figure  14 

shows the response of a linear resonator with capacitive coupling. 

 

Figure  14 Linear resonator The frequency response is multiple of main mode (𝑛 = 1), this was simulated in 

CST Microwave Studio using RO4350B like substrate and length dimension of 36.5 mm and gap of 0.25mm. 

The loaded quality factor is higher for the first modes of resonance in part by the losses increase, reducing of 

180 to 160. The S band sector contain a free part correspond to ISM (2400 − 2483.5 𝑀𝐻𝑧). 

This type of structure has been extensively researched for posterior implementation of clas-

sical design of filters, resonance is presented in multiples of half wavelength, however the 

𝑓𝑟 =
2𝑛𝑐

𝐿√휀𝑒𝑓𝑓
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present research is focused on S band, mainly the free bands inside of this last band. Con-

struction of high selective resonators is a hot topic recently due to different interest where is 

required high sensibility exploiting changes in resonant frequencies, that is in areas like quan-

tum superconducting for qubit detection, electron spin resonance, electro optics conversion 

and exploiting high sensitive sensing techniques. 

3.2. Microstrip Transmission Line 

A transmission line is any structure that allows transfer electromagnetic energy of a point to 

another one [39], this structure could be from an empty space until geometrical arrays of 

dielectric and metal. There are a huge variety of structures (Table 2) and depending on fre-

quency or applicability, some structures are better ones than others. Among the planar struc-

tures used in MIC, Microstrip technology has several advantages to implement Microwave 

structures, within them the easy way to test and implement systems. 

One of the biggest challenges to research in resonator technology is its selectivity or 𝑄𝐿 fac-

tor. To understand the quality factor, the main characteristics of microstrip technology will 

be analyzed, their main constitutive parameters and tradeoffs to finally design the synthe-

sizer. 

Transmission Line 
Frequency 

range (GHz) 

Impedance 

Level (𝛀) 
𝑸 factor 

Potential for low-

cost production 

Rectangular waveguide < 300  100 − 500 High Poor 

Strip-Line < 10 10 − 100 Low Good 

Microstrip < 100 10 − 100 Low Good 

CPW < 60 40 − 150 Low Good 

Table 2 Waveguide transmission lines. Within the structures with high 𝑄 values, the rectangular waveguides 

and dielectric structures has the better option to selectivity, add to that the modes of propagation allow the 

system to have less losses than planar cases. Data taken from [40] 
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Microstrip structure is a substrate with ground plane in one side (Figure  15), the conducting 

part is above of the ground. The main limitation of this structure is the requirement of a 

through hole of the substrate to connect ground inside a circuit. Losses in this structure are 

related to conductor (𝛼𝑐), dielectric (𝛼𝑑) and radiative (𝛼𝑟) parts, for the S-band and materials 

used the 𝑄 factor depends on 𝛼𝑐 (Figure  13). 

The second limitation of microstrip technology refers to quasi-TEM mode and lowest order 

surface wave, so the frequency and bandwidth is a limitation for the circuit. However, one of 

the most attractive advantages is the high library disposal for the construction of elements 

like power dividers, combiner, lumped elements and so on. Analog to this, the disposal of 

electromagnetic models for computer simulations, the variety of Electromagnetic CADs us-

ing Microstrip models, like Keysight ADS®, Microwave Office (AWS), XFdtd®, Ansoft 

HFSS® and CST Studio®.  

 

Figure  15 Microstrip linear resonator The structure is designed to half wavelength (𝜆𝑒𝑞), this value depends 

on geometrical parameters explored in another sections of this chapter and material dependence. 

The classical model to characterize the Microstrip technology is given by the expressions 

(23)-(25). Although these relations are a static approximation (within 0.6% [41] of error, 

analytical solutions in Electromagnetism are a little bit canonical cases), there are factors not 

included; enclosure disposal, dispersion on substrate and nonlinear behavior of materials. 

휀𝑒𝑓𝑓 = 𝜖𝑟 −
𝜖𝑟 − 𝜖𝑒
1 + 𝑃(𝑓)

 (23) 

𝜖𝑒 = 1 +
𝜖𝑟 + 1

2
+
𝜖𝑟 − 1

2
𝐹 (
𝑊

𝐻
) −

𝜖𝑟 − 1

2

𝑇/𝐻

√𝑊/𝐻
 (24) 

𝑊 

𝜖𝑟 

𝑇 𝐻 

𝑙 = 𝜆𝑒𝑞/2 
𝐺0 

𝜖𝑟 
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𝑍0 =

{
 
 

 
 

60

√휀𝑒𝑓𝑓
ln (

8𝐻

𝑊
+
𝑊

4𝐻
)

120𝜋

√휀𝑒𝑓𝑓[𝑊 𝐻⁄ + 1.393 + 0.667 ln(𝑊 𝐻⁄ + 1.444)]

 (25) 

The above approximations using metallization profile 𝑇, static and relative permittivity 𝜖𝑒 

and 𝜖𝑟 include the dispersion approximations 𝑃(𝑓) and 𝐹(𝑊/𝐻) [40][42][43]. These values 

will be used for the transmission line (TL) model of Microstrip technology with classical 

distributed elements (𝑅𝑙 , 𝐶𝑙 , 𝐺𝑙, and 𝐿𝑙) (Figure  16). The linear resonator with equivalent 

length of 𝜆/2 isolated (𝑄0), near of the resonance the system is equivalent to a parallel 𝑅𝐿𝐶 

[16], resonance frequency given by (26), where 𝑛 denotes the harmonic values of the funda-

mental value (𝑛 = 1) and 𝑣 is the velocity of propagation in a substrate with characteristics 

𝜖𝑟 and tan 𝛿. 

The distributed model allows to evaluate the influence of the coupling and express the reso-

nator in a compact way to develop the future array of resonators. Resonance frequency de-

pends of length of central line length 𝑙 and the coupling feed lines. 

 

 

(a) (b) 

Figure  16 Lumped circuit model. The TL is divided in infinitesimal values, where the voltage and current do 

not change substantially, the resistance per length (𝑅𝑙), inductance per length (𝐿𝑙), conductance per length 

(𝐺𝑙) and capacitance per length (𝐶𝑙) are characteristics of TL. (a) Infinitesimal transmission section and (b) 

lumped circuit distributed equivalence. 

𝑓𝑛 =
2𝑣

𝑛√ϵeff𝜆0
 (26) 

𝑑𝑥 

𝜖𝑟 𝑊 𝐿𝑙𝑑𝑥 𝑅𝑙𝑑𝑥 

𝐺𝑙𝑑𝑥 𝐶𝑙𝑑𝑥 

𝑑𝑥 
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The selectivity of resonator is clearly related to quality factor 𝑄0 (17) and this, in turn, with 

the losses in the TL, the losses in Microstrip technology with the conditions of substrate, 

environment temperature and frequencies under 25 GHz mainly come from conductor (27) 

and secondly with the substrate losses (28). Certainly, the dielectric part does not depend 

directly on the frequency, although 𝜖𝑒𝑓𝑓 is clearly a variable of the below of frequencies of 

10 GHz. 

𝛼𝑐 =
𝑅𝑠
𝑍0𝑊

{1 +
2

𝜋
tan−1 [1.4 ( 

∆

𝑅𝑠
)]}  Np/m (27) 

𝛼𝑑 =
k0ϵr(ϵeff − 1) tan δ

2√ϵeff(ϵr − 1)
 Np/m (28) 

Where 𝑅𝑠 represents the surface resistivity 𝑅𝑠 = √𝜔𝜇0/2𝜎, ϵeff is the effective dielectric 

constant of the planar microstrip structure and ∆ is rugosity profile over conductor surface. 

3.3. Model for Microstrip resonator 

The selectivity of planar microwave resonator like an analogy of FBG technology used in the 

[10] is not comparable to the optical case, the losses inserted by the substrate and conductor 

limit the final performance of linear resonator. In fact, the Microwave case is only compara-

ble by increasing the 𝑄 factor, decreasing the temperature (in order of 1.0 Kthus neglecting 

the conductive losses and the final 𝑄𝑒𝑥𝑡 value could excess factors of 103. The above case 

recently have received a lot of interest like a method in circuit quantum computing and 𝐸𝑆𝑅 

[16][44]. For example, in spin electronic sensors the high selectivity of resonators allows to 

count electrons of order in 102 [45]. 

In microstrip technology a gap discontinuity is modeled by two capacitances (Figure  17) and 

the equivalent increase in length could be approximate by the expression (29), so the gap is  

𝑙𝑒𝑞 ≈
𝑐𝑍0(𝐶1 + 𝐶2)𝑣

√ϵeff
 (29) 
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(a) (b) 

Figure  17 Gap in microstrip technology (a) Symmetrical conductor lines and (b) 𝐶1 correspond to end line 

with ground interaction (𝑇𝑇’ with GND and 𝑃𝑃’ with GND) and 𝐶2 is the capacitance between the two ends 

strips (planes 𝑇𝑇’ and 𝑃𝑃’) [25]. 

an important control of resonance frequency. The equivalent circuit has had high interest due 

to multiple applications mainly in filters design and quantum circuits. Another way to under-

stand the behavior of the system is by considering that near of the resonance frequency the 

resonator behaves like a 𝐿𝐶𝑅 circuit [44] so the quality internal factor of the resonator could 

be expressed by: 

𝑄𝑖𝑛𝑡 = 𝑅√
𝐶

𝐿𝑛
= 𝜔𝑛𝑅𝐶 (30) 

Where the values for the equivalent 𝐿𝐶𝑅 oscillator correspond to electrical distributed ele-

ments in microstrip technology (31) [46][47]. For a resonator isolated (30) would be the total 

quality factor, however, it required an injection of external energy and a coupling element to 

transfer such energy. In this case, the way is a gap or a capacitive coupling method, repre-

sented in the equivalent circuit (Figure 18) by  𝐶𝜅. 

An alternative for the circuit with coupling  𝐶𝜅 (Figure 18) is using an equivalent Norton 

circuit with the parameters (32) and (33) (Figure  19) [16]. Using this method allows express-

ing external and internal quality expressions in terms of known parameters. To describe the 

𝐿𝑛 =
2𝐿𝑙𝑙

𝑛2𝜋2
;     𝐶 =

𝐶𝑙𝑙

2
 and     𝑅 =

𝑍0
𝛼𝑙

 (31) 

𝜖𝑟 𝑊 

𝑃 𝑇 

𝐺 

𝑃′ 𝑇′ 

𝑇 𝑃 

𝑇′ 

𝐶2 

𝐶1 𝐶1 

𝑃′ 
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incidence of capacitive values over final resonance frequency value, 𝑄 factor is directly re-

lated with losses (dielectric and conductor part) but the precision in the final resonance fre-

quency depends on geometrical values and techniques of fabrication.  

 

Figure 18 Equivalent circuit (left) for λ/2 resonator geometry (right), the proper values of 𝑅𝑙 , 𝐶𝑙, 𝐿𝑙 , 𝐶𝜅 and 𝑅𝐿 

are characteristics of design selected within the properties of material and external loads. 

The circuit for the coupling capacitance and external impedance could change by a combi-

nation in parallel of resistance and capacitance. 𝑅𝐿 is the external impedance of 50 Ohm, the 

conversion to 𝑅𝑁 increase this value, which represent a decrease in the quality factor, how-

ever couple capacitance is the key on the final design [16]. Parameters are presented in (32) 

and (33), the new frequency is originally modified by the coupling method. 

 

 

Figure  19 Norton equivalent circuit 𝑅𝐿 and 𝐶𝜅 that represent the coupling of energy and external impedance 

are converted in two global variables 

 

𝐶𝑁 

𝑃′ 

𝑃 

𝑇′ 

𝑇 

𝑅𝑁 𝐶𝑁 𝑅𝑁 𝑅 𝐿 𝐶 
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𝑅𝑁 =
1 + 𝜔𝑛

2𝐶𝜅
2𝑅𝐿

2

𝜔𝑛2𝐶𝜅2𝑅𝐿
 (32) 

𝐶𝑁 =
𝐶𝜅

1 + 𝜔𝑛2𝐶𝜅2𝑅𝐿
2 (33) 

For the case of symmetrical feed lines of coupling, the load  𝑄𝐿 factor will be: 

𝑄𝐿 = 𝜔𝑛
𝑁

𝐶 + 2𝐶𝑁
1 𝑅⁄ + 2 𝑅𝑁⁄

 ≈ 𝜔𝑛
𝐶

1/𝑅 + 2/𝑅𝑁
 (34) 

Where 𝜔𝑛
𝑁 is the new frequency of resonance shifted by the inclusion of  𝐶𝜅 

1

𝑄𝐿
=

1

𝑄𝑖𝑛𝑡
+

1

𝑄𝑒𝑥𝑡
 

(35) 

Using the physical parameters of design and expressions known for Microstrip technology 

[46][40][25], a linear resonator for 2.425 GHz using RO4350B and mechanical milling re-

quires the following values of fabrication Lr = 𝜆/2  =  38.4 𝑚𝑚, W =  1.23 𝑚𝑚 and G =

 0.25 𝑚𝑚. The behavior of coupling is analogue to a RLC circuit, the under coupling and 

over coupling effect represents the main effects of 𝐶𝜅. The inclusion of 𝑄𝑒𝑥𝑡 reduce the qual-

ity factor. Consequently, the selectivity of resonance, finally (35) produces the load factor 

quality (Figure  20). 

 

 

Figure  20 Coupling effect. The inclusion of capacitance coupling produces two main consequences; a fre-

quency shifted and control of load quality factor, this last one is limited by material characteristics.  
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Using milling technique fabrication and VNA SOLT characterization, the results both in 𝑄𝐿 

and resonant frequency are close to previous model Figure  21. The accuracy in frequency is 

around 0.5% (~15 MHz), which according to precision of expressions for constitutive ele-

ments in Microstrip technology corresponds with the model. One way to increase quality 

values could require materials with high conductivities like superconducting devices or re-

duce tan 𝛿, although the final value may be increased by a thousand factor, cooling methods 

and require precise lithographic processes, which is presented like a future research plan. 

 

 

Figure  21 Experimental S-band linear resonator Experimental S-band linear resonator the model fabricated 

with mechanical milling and RO4350B substrate, the minimum bandwidth has gotten over this commercial 

material is around tens of MHz, requirements for frequency synthesizer similar to optical case it is no compar-

ison because here the material includes losses limiting the final performance of the device. However, within 

the precision of fabrication and modelled system, the resonance frequency is within 0.5% of error. 

The calculation of  𝐶𝜅 has been studied with certain limitations, the software’s implementa-

tions is based on older references [48][49] with ranges of use limited by the 𝑊/𝐻 and 

𝐺ҧ1 = 0.246 mm 𝐺ҧ2 = 0.258 mm 
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𝐺/𝐻 ratios. Requirements in gap space are established at a maximum 300 𝜇𝑚, decreasing 

the distance between conductors increase the capacitance in consequence decrease the cou-

pling factor, however, decreasing the capacitance implies rising the insertion loss in the sys-

tem. 

The linear resonator presents a set of harmonics (Figure  22), multiples of fundamental fre-

quency 𝑓0 or 𝜆/2. The values for the subsequent frequencies are given by the expression (36). 

𝑓𝑛 = 𝑛𝑓0;    with    𝑛 ∈ ℕ  (36) 

With high values over 𝑛, the insertion loss is reduced against the reduction of the quality 

factor of the frequency considered. 

 

Figure  22 Experimental response Equivalent circuit (left) for 𝜆/2 resonator geometry (right), the proper val-

ues of 𝑅𝑙 , 𝐶𝑙 , 𝐿𝑙 , 𝐶𝜅 and 𝑅𝐿 are adjusted with the real values, however the width of the conductor 

The previous result shows loss insertion introduced in the design is in the order of 20 dB. 

The resonator circuit requires to increase the sensibility so it could be introduced by power 

amplifiers or active impedance transforming circuits [50]. Moreover, using these types of 

active elements improves the final selectivity of the resonator. 
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3.4. Summary 

This section presented a close model of linear resonator using Microstrip technology, based 

on classical static approximations based on geometrical conditions, the close results found 

for the resonance and selectivity of system, require additional methods to get an approximate 

result in the frequency synthesizer. Finally, the coupling capacitance is a fundamental ele-

ment to guarantee both the resonant and quality factor, with the help of expressions like (32) 

(33) (34) the process of design resonators are very close to the experimental case. The final 

precision with the design models presented here is around ±10 MHz in the resonant final 

frequency. 
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Chapter IV 

Methods 

The frequency synthesizer design on Microwave Circuit technology requires some subsys-

tems like the 𝜆/2 resonator, the time delay section, impedance taper adapter and Wilkinson 

power divider. Each part is well known in Microwave technology, the material for manufac-

turing corresponds to RO4350B®, this material performed all the simulations and analysis, 

worth mention that EM simulations are as accurate as the substrate material specifications 

are given. Although the control of resonance and time delay with the requirements presented 

in chapters 2 and 3 is a tradeoff with material and environmental variables, the classic hybrid 

methods of fabrication, i.e.: Laser Ablation, Serigraphy and Mechanical Milling allow to get 

an approximation of the synthesizer proposed. 

The chapter begins with a basic description of the FDTD method. It has a high interest in the 

recent years thanks to the increase of computational power and an attractive application as 

direct solution of Maxwell equations over time domain. For the process of coupling imped-

ance together with simulations addressed in the previous section, allows to design and con-

struct some probe resonators to check the resonance frequency and time delays. The method 

to measure time and frequency response of the system (DUT) is using standard VNA with 

TDR technique to check the time previously introduced. 

For the Electromagnetic Computer Simulation, it was used XFdtd® (7.4.0.2) to test the spec-

tral and time response. 
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4.1. FDTD method 

The numerical methods to get approximated solutions of the Maxwell equations have been a 

hot topic in Electromagnetic and its applications field. Several approaches exist using rigor-

ous methods, i.e., FDTD, FDFD, FEM or RCWA; crossing for full wave methods, i.e., MoM, 

BEM and BPM and finally scalar methods like Ray Tracing method. The mathematical for-

mulation of FTDT is well known [26][27] since ‘60s, the Yee algorithm [51] and consecu-

tively advances in computational power, attract the interest of multiple research areas which 

yielded the implementation in commercial software packages like XFdtd®, Lumerical®, 

OptiFDTD® and free packages like Meep [52]. 

The basis of the method is to approximate a function 𝑓(𝑥 + ∆𝑥/2) using the derivative ap-

proximation (37) and 𝑔(𝑥) using the mean value between 𝑥 − ∆𝑥/2 and 𝑥 + ∆𝑥/2 (38). For 

the electromagnetic analogy 𝑔(𝑥) correspond to electric field �⃗� (𝒓, 𝑡) and 𝑓(𝑥) is the mag-

netic field �⃗⃗� (𝒓, 𝑡). 

𝑓(𝑥 + ∆𝑥/2) ≅
𝑓(𝑥 + ∆𝑥) − 𝑓(𝑥)

∆𝑥
 (37) 

𝑔(𝑥) ≅
𝑔(𝑥 + ∆𝑥/2) − 𝑔(𝑥 − ∆𝑥/2)

∆𝑥
 (38) 

For the case of lack of sources, the Faraday’s law (39) and Ampere-Maxwell’s law (40) will 

be discretized into the time domain by the following equations. 

∇ × �⃗� (𝑟, 𝑡) ≅ −𝜇
�⃗⃗� (𝑟, 𝑡 + ∆𝑡/2 ) − �⃗⃗� (𝑟, 𝑡 − ∆𝑡/2 )

∆𝑡
 (39) 

∇ × �⃗⃗� (𝑟, 𝑡 + ∆𝑡/2) ≅ −𝜖
�⃗� (𝑟, 𝑡 + ∆𝑡 ) − �⃗⃗� (𝑟, 𝑡)

∆𝑡
 (40) 

Clearly the electric field is computed in time steps different to the magnetic field, likewise in 

spatial case (Figure  23), but the ∆𝑡 is the same. The philosophy behind is very simple, to 

excite the system with a known signal with the content of frequencies of interest, propagate 

this signal into the structure and solve (39) and (40) until electromagnetic energy will be 

dissipate by the system. Although FDTD method is very inefficient for highly resonant de-

vices, this method is particularly useful to hunt the frequencies values. 
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Figure  23  Yee Cell for 3D case the solution point for each case of vector field is different, this point se-

lection allows to introduce the difference method to electromagnetic field (Image by [5 p. 73]).  

To resolve the wavelength 𝜆0, the discretization using Yee cell requires a minimum 𝑁𝜆 ele-

ments per wavelength, this variable depends mostly on the type of material or application 

(41). Another element to considerer is the minimum distance or detail of structure 𝑑min and 

divide this element by 𝑁𝑑 which has a value depending of grade of detail of the system. The 

minimum between Δ𝑑 = 𝑑min/𝑁𝑑 and Δ𝜆 produce the cell size required by the problem and 

the stability is guaranteed by Courant criterion selection for time step (42). 

Δ𝜆 = 
𝜆0

𝑁𝜆√𝜖𝑟
; 

𝜟𝝀 Comments 

10 − 20 Low contrast dielectrics 

20 − 30 High contrast dielectrics 

40 − 60 Most metallic structures 

100 − 200 Plasmonic devices 
 

(41) 

One of the advantages of the FDTD method is to directly get the input and output signal, for 

the case of transmission planar lines circuits is important to obtain the real behavior of the 

elements inside of the circuit. Clearly the computational requirements limit this method and 

for the  resonator case  the  presence  of the gap in  the  structure (Figure  17) impose the  

𝛥𝑡 ≤ 𝛥𝑡𝑚𝑎𝑥 =
√𝜖𝑟

𝑐√
1

(∆𝑥)2
+

1
(∆𝑦)2

+
1

(∆𝑧)2

 
(42) 
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limitation that 𝐺 ≪ 𝜆0, the Courant stability factor required a small 𝛥𝑡, which implied a lot 

of computational time to the evolution of the system. Considering the narrow band to use in 

2.4GHz with a RO4350B substrate (𝜖𝑟 ≈ 3.48 ± 0.01), 𝜆0 is in order of 30 mm and the gap 

in the resonators is around ~300 μm, so the gaussian pulse (Figure  24) require around one 

order of time more to propagate in the system [54]. 

 

Figure  24 Excitation function to the system on FDTD method The interest band of frequencies for the ac-

tual design is the ISM 2.4GHz spectrum section, correspond to 2.4 − 2.5 𝐺𝐻𝑧, incident power with narrow 

bandwidth is equivalent on time domain to gaussian modulated pulse. 

Another concept to evaluate in EMC is the precision with the frequency domain, the FDTD 

method works directly on time domain so using the Fourier transform allows the system to 

calculate the behavior in frequency domain, the uncertainly principle implies increase the 

resolution in frequency increase the pulse time duration (Figure  24). High precision on fre-

quency response requires a lot of simulation time. 

To characterize the sample, the boundary conditions under FDTD method must reproduce 

the sample holder over the circuit is suspended. A complete enclosed metallic system in all 

directions (PEC in 6 boundaries) slightly modifies the impedance 𝑍0 ± ∆𝑍 [43] and makes 

possible to guide frequencies related with the geometrical of the holder. To minimize these 

propagation modes, Microstrip technology recommend a port minimum extension, however 

the presence of this peaks, only appears starting the second harmonics. 
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The samples holder used to characterize resonators were fabricated in two versions (Figure  

25), simulations and experimental data obtained in both cases (Figure  26) demonstrate the 

presence of another frequency propagation modes, the precision between the 6 metallic 

boundary and the 3 metallic experimental conditions case respect to the main resonant mul-

tiple cases (𝑛 = 1, 2, 3) in equation (36), the presence does not change the main values. 

Within the three harmonic values, the difference is about 1 − 3 MHz, so the inclusion of 3 

additional bound walls increase the dispersion of the system but allows to hunt the frequency 

with the same range. 

  

(a) (b) 

Figure  25 Sample Holder (a) 6 PEC boundary conditions and (b) 3 PEC boundary conditions. The presence 

of frequencies not included in the harmonics of principal mode is a condition of propagation, the waveguide 

resulted in the presence of another frequencies 

Another variable to extract on the simulation is the quality factor, FDTD use a profile gauss-

ian signal, frequency precision is related with ∆𝑡 and number of points [26][27][53], so the 

Fourier transform do not get near value of experimental 𝑄𝐿 (Table 3). Again, the peak loca-

tion was  well hunted,  with a close resolution  between  simulation  and experimental result,  

 

 

 

 

Table 3 Resonant and quality factors the differences between quality factors is provided by the constant inter-

pretation of Fourier transform, the quality decrease with the number of harmonic frequency, the best 𝑄 is in 

the first resonant frequency mode [16]. 

Simulation XFdtd® 

(PEC on 3 boundaries/walls) 

Experimental frequencies 

(3 Aluminum walls) 
Error 

Frequency 𝐐𝐋 Frequency 𝐐𝐋 𝛜𝐟 

2.4236 GHz 107.2 2.4284 GHz 143.7 0.198 % 

4.8358 GHz 214.9 4.8510 GHz 125.7 0.314 % 

7.2367 GHz 313.3 7.2526 GHz 125 0.219 % 
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clearly assuming some boundary conditions, reproducibility between case (a) and (b) in Fig-

ure  25 are shown in Figure  26, open metallic case present a better match between peaks 

(Table 3), metallic enclosed represent a challenge in terms on time simulation with the addi-

tion of three more peaks, however the multiples of main resonant frequency are matched with 

the simulation. 

Figure  26 Boundary conditions. The apparition of adjacent frequencies different to multiples of natural 

λ/2, correspond to propagation modes in the box of characterization. The metallic boundaries do not change 

the natural frequencies but add some new values, correspond to geometrical coupling with the metallic walls. 

According to section 3.2, 𝑄𝐿 value agree on model included the losses characteristics, main 

limitation of FDTD method is in respect of above factor, but in relation of frequency peak is 

very correlated with the previous method and with the real measures. Some components are 

required for the final design in frequency synthesizer, the following section explores tech-

nologies used in Microstrip technology for the final design of frequency synthesizer. The 

parameter to check in the simulation will be used S-parameter measure by a VNA character-

ization. 
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4.2. Microwave Elements 

To design and construct the synthesizer using passive elements it is required some elements 

to connect the pulse emitter to the RF detector using the array of resonators. The main two 

elements to analyze are: the power divider and the impedance adapter, to characterize the 

performance of both systems the scattering parameters 𝑆𝑖𝑗 will be get with the network ana-

lyzer ENA E5063A by Keysight® using OST method of calibration with the kit 85515A and 

TDR module analysis for the measure of time delay. 

4.2.1. Network analysis  

The standard calibration over the planes Port 1 and Port 2 (Figure  27) allows to reduce the 

systematic errors and unfold the behavior of the device (DUT). FBG works in reflective 

mode, related with 𝑆11 parameter, against the planar resonator in this study which is validated 

with the 𝑆21. Both parameters relate amplitude and phase and characteristics of response for 

DUT, the condition in Port 1 and Port 2 is terminated in known impedance of 50 Ω.  

 
Figure  27 Microwave 2-port calibration Scattering method to characterize the device under test (DUT), b 

represents the wave leaving the device and a represents the wave entering to the system 

The scattering matrix could be written by expression (43), the case of N −ports is easily 

generalized and used for power divider case of several ports.  

(
𝑏1
𝑏2
) = (

𝑆11 𝑆12
𝑆21 𝑆22

) (
𝑎1
𝑎2
) (43) 

Experimental setup presented for this research will be use the E5063A belong to Physics 

Laboratory of Electromagnetism in Universidad EAFIT, Medellín, Colombia (Figure  28) 

Port 1 Port 2 

𝑆21 
𝑎1 

𝑏1 

𝑏2 

𝑎2 

DUT 

𝑆11 

𝑆12 

𝑆21 
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and the N5241B in Laboratory of Electromagnetic Systems in IEAv, ITA, Brasil. The last 

one has a better performance in terms of dynamic range and frequency selectivity, calibration 

kit for this case was used the 85052D with 3.5mm connector, which outperform the SMA 

case in extended range. The local case has a difficulty in terms of using a converter connector, 

N type to SMA, plane of calibration is out of DUT and inclusion of degradation provided by 

the converter must be studied. It was compared the results between VNA in IEAv against the 

results of ENA case, presented a close results in terms of frequency and attenuation measures. 

 

Figure  28 Experimental setup The VNA used was a E5063A with a 85515A OSLT mechanical calibration 

kit, although the calibration is not directly SMA, the insertion loss and VSWR included in the adapter was 

compared directly with the results of 3.5mm calibration kit 85052D. 

Each resonator will be adapted to a power divider, a taper section and finally a delay line to 

simulate the random insertion time between adjacent symbols. This complete part will be 

discussed in section 5.3. 

4.2.2. Wilkinson power divider 

The section between resonator circuits and pulse emitter required equal power for each res-

onance symbol and isolation between adjacent lines, the Wilkinson divider is an option with 

good properties for insertion loss (IL), isolation and bandwidth (BW) [39]. Ideally, the power 
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is equally distributed into 𝑁 ports, to 4 ports −6 dB is the output on each port, another two 

parameters to analyze are the isolation analysis between output ports and bandwidth. 

To test the requirement on Port 1,2,3 and 4 (Figure  29b), simulation displayed is according 

with the requirements on array element, limitation on the bandwidth and necessity of another 

passive element is a condition for the development of this type of element, however all the  

 

 

(a) (b) 

 
(c) 

Figure  29 Wilkinson power divider (a) This passive structure is based on 𝜆/4 for √2𝑍0 within a bandwidth 

the directivity is enough for this application Image taken from [39] (b) Resonators array were designed for 

codes ℋ = {13, 4, 0, 4 𝑚𝑚, 1, 0} (sec. 1.4), system with four output independent ports and (c) XFdtd® simu-

lation shown a isolation under −20 𝑑𝐵 which is taken for reference into the design of microwave devices, the 

bandwidth cover the S region spectrum for ISM and equal power is shown for each resonator arm, around 

−6𝑑𝐵𝑚. 

 ort 0

 ort  

 ort  

 ort  

 ort  
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ports are matched and outputs are kept isolated. 

The frequency band proposed (ISM 2.4GHz) has a central value of 𝑓0 = 2.445 GHz with a 

bandwidth nearly to 100 MHz, the main idea is behind to IEEE 802.11b standard, which use 

DSSS in physical layer with 13 channels divided by 22 MHz between adjacent channels. The 

three treat-offs to balance the performance of power divider are based in insertion loss, iso-

lation between ports and bandwidth. The selection of material was imposed by the stability 

of dielectric constant ±0.05 for RO4035B material [23]. The main losses in Microstrip case 

are provided by conductor part (section 3.4).  

4.2.3. Exponential Taper design 

Inclusion of taper or impedance transformation is a requirement for reduce space and control 

capacitance coupling factor, this is possible to reduce the width of the conductor decreasing 

the gap with the consequence of reduce insertion loss. Using RO4350B, the taper covers 

changes from 50 Ω up to 90 Ω, limitation is mainly the process of fabrication, i.e. with a 

board of H =  0.508 𝑚𝑚 in height, the widths of conductor for 𝑍 > 90Ω required conduc-

tors of 400 𝜇𝑚 [40] which are achievement using lithography techniques, with mechanical 

and xerography is possible but reduce the reproducibility of synthesizer system using only 

passive elements. 

The final section allows to control of coupling capacitance 𝐶𝑘, finally the quality factor 𝑄𝐿 

is controllable with the gap geometry distance. Although the exponential case is no optimized 

in terms of length and Γ coefficient, it is easily to implement and to control in terms of im-

pedance for Microstrip technology. The profile of impedance is given by expression (44): 

𝑍(𝑧) = 𝑍0𝑒
𝑎𝑧 ,     0 < 𝑧 < 𝐿 

(44) 

Where 𝐿 correspond to length of taper line and the constant 𝑎 es given by the expression: 

𝑎 =
1

𝐿
ln (

𝑍𝐿
𝑍0
) (45) 

The characteristic impedance here is 𝑍0 = 50 Ω and 𝑍𝐿 = 90 Ω, the length of taper require a 

value with 𝐿 >  𝜆/2 at expenses of increasing the reflection coefficient. Construction and 
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characteristics of taper are displayed in Figure  30, the taper section matched with the simu-

lation in time domain, there are variations on the impedance values, mainly from fabrication 

method, differences in width conductor produce important changes over the impedance final 

value, changes of 10 𝜇𝑚 could increase the impedance in units of Ohms. The value of 90 Ω 

is close to 80 Ω around of 60 𝜇𝑚 of difference, which correspond with tolerance in method 

of fabrication and design. 

 

 

Figure  30 Exponential taper and time delay section Implementation of taper section is according to results of 

simulation, the time difference between both models is around 20ps (near of the limits of TDR module (46)), 

the oscillation on TDR signal for the FDTD method is proper staircase of the curve shape. 

𝑍𝐿 is the final impedance coupling design, for this case it was selected 90 Ω like final value, 

foreseeing the limitation in fabrication method, the main criteria is 𝑄 final factor and the gap 

dimension to reduce the insertion loss but using only transmission lines is very limited. Two 

of the major limiting parts are the use of copper and substrate with tan 𝛿 > 10−3, however a 

factor of 200 is enough for this application, the main limitations will explore in section 5. 

Taper Taper 

Delay section 
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4.2.4. Time delay insertion 

To include the fabrication techniques and board material, the Microwave industry has a well-

developed protocols and standards to introduce the variations of simulations against the fab-

rication methods. TDR belongs to these methods, using structures like series and parallel 

resonators, Beatty Standard, SOLT calibration, MBM de-embedding process and so on. It 

allows to directly test the performance of the fabrication process and material stability [55]. 

The behind selection of microstrip technology like method of fabrication is based on the idea 

that introducing a time delay 𝜏𝑑 is directly and unique associated with the conducting line 

extension and effective constant of substrate (24) [56]. Using this value for relative constant, 

the time insertion delay could be expressed by: 

𝜏𝑑[s m⁄ ] = √𝜇0𝜖0𝜖𝑒𝑓𝑓 (46) 

The minimum value of spatial resolution in TDR technique are limited by the rise time, 𝑇𝑟, 

or directly the bandwidth of the device, the minimum distance resolution is given by (47) 

𝐿𝑚𝑖𝑛 =
𝑇𝑟𝑐0

2√휀𝑟
 (47) 

The TDR module on ENA5063A has a bandwidth up to 18 GHz with 24.8 ps of rise time, 

minimum distance resolution considering (47) and RO4350B characteristics is around 2 mm. 

For example, the meander delay section presented in Figure  30 introduce a physical equiva-

lent extension presented in Table 4. 

 Design [mm] Experimental [ns] 

Equivalent length [mm] 50.672 0.799 

Table 4 Insertion delay comparison. Using expression (46) and 𝜖𝑟 = 3.48 ± 0.05, the calculation for time 

insertion delay is 0.269 ns. 

Likewise, implementation requires geometrical paths with spectral properties for the fre-

quency band selected, the meander case is a well-known structure with spectral response 

easily to control [10]. The taper section in Figure  30 clearly do not present a minimum value 

for exponential case, 𝜆/2 [39], degradation in frequency is evident in terms of 𝑆11 displayed 

in Figure  31. Although the region of interest is on the left of the design, −10 𝑑𝐵 is a good 
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tradeoff for the combinations Taper plus delay for board characteristics and selectivity re-

quirements. 

 

Figure  31 Frequency response to time delay and exponential taper The response in time domain was pre-

sented in Figure  30, efficient operation range is nearly of 2.4 𝐺𝐻𝑧, extension of exponential taper reduced the 

value of 𝑆11, practical requirements is based on −20 𝑑𝐵 for reflecting power. 

4.4. Summary 

Microstrip technology has excellent correlation between design, performance, easy control 

of impedance and time delay dependency with conductor length. The results displayed for 

FDTD method certainly match with the frequency, time domain, so the election of this 

method guarantee the design process, only limitation is computing time. Again, precise res-

onance or delays sections parts require fabrication methods with good agreement between 

design and results, selection of material fulfillment requirements to selectivity and perfor-

mance for final synthesizer. 
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Chapter V 

Results 

Resonators studied previously on time and frequency domain and time delays insertion allow 

to introduce the process of coupling several symbols (frequency carriers) and test the fre-

quency synthesizer idea. The results on previous chapter, about resonance frequency and 

time delays using standard methods in Microwave Technology; VNA scattering coefficients 

and TDR technique, produced a high reliability against the simulation proposed. Errors near 

of 1% (Although these relations are a static approximation within 0.6% [41]) are closed to 

tolerances in fabrication process, so the meshing requirements of simulation process are 

enough with plasmonic applications (41). 

Array of resonators is based on family ℋ = {13, 4, 𝑑𝑙, 1, 0}, the space between adjacent sym-

bols is correlated with random insertion time explored in sec 1.3. The design of the circuit 

and geometrical elements were developed in free software Inkscape®, mechanical milling 

and Serigraphy are used like approximation methods for construction of resonators. How-

ever, it will show serious difficulties in terms of replicability and reliable in an array which 

depends of precise dimensions for specific resonance frequencies and precise time delays.  

Initially it will be presented the inclusion of time delays as the consistency with the frequency 

response, then it is detailed the resonator response and finally the synthesizer transceiver 

design and performance are presented. It will be compared with the previous results in 

OCDMA using FBG and proceed to evaluate the BER and performance of the communica-

tion.  
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5.1 Time delay introduction 

The insertion of gaussian pulse in FDTD method produce directly the power behavior over 

circuit (Figure  32), which for correlation detection case is required, on the other side method 

require a high computing supplies to get a reasonable result (−30 dB of difference) and struc-

tures with resonances increase the time even more, the main reason behind is to dissipate all 

the input power into the system, high 𝑄 values requires high computing times.  

Another important variable is the output power in terms of time, profile in case of FBG poses 

some close relation with the power output of resonators with condition of high 𝑄 value, again 

the idea is to find the response on time and spectral domain, final response of the cross cor-

relation synthesizer requires of both values. 

Firstly, time delay introduces spectral dispersion (Figure  32). The peaks in the graph contain 

many frequencies and taper exponential section was designed for S band, so the peak is ex-

panded on the time domain, reflecting frequency components included in broadband peak 

used for XFdtd® to solve the problem, there are two possible approaches to simulation in 

FDTD, selecting a broadband range with a sequent filters bank or on the another way using  

 

Figure  32 Verification of time delay insertion the difference between the simulation and expected value is 

around 70 𝑝𝑠, meshing the curvature structure of meander is a severe difficulty for the FDTD, to reach the 

closest value of time delay required a very fine meshing. The different shapes of the wave function are due to 

inclusion of delay which introduces some additional frequency dispersion (Figure  31). 
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narrow band, with allow introduce only the precise band; using the first methodology lets to 

explore interactions with dispersive material. 

Response on time domain is according with the calculation in expression (46), the difference 

is about 70 ps, staircase phenomena was observed in Figure  30 with the strong dependences 

to the value of impedance, this is a very weak difficulty over FDTD method applied over 

curvature structures.  

5.2. Meander resonator  

Resonator using meander geometry requires a meshing with high density of elements, i.e. 

extensive computing time, using conformal techniques could improve the time and memory 

resources required [57][54], however . Staircase over curves surfaces introduce errors over 

the equivalent length of resonator, but the simulation clearly has a trending behavior (Figure  

33) to resonant value (~0.6 %) and insertion loss, the only aspect to considerer is the BW. 

For FDTD method, Fourier Transform ℱ(𝜔) increase the precision over 𝜔 at expenses to 

increasing the time observation, to  improve the  results over  meshing  cases below, it is 

required a high-density meshing computing time. 

 

Figure  33 Characterization of Meander Resonator, using FDTD and Experimental data, the trend of meshing 

is 2502.8 MHz, which generates a error or 0.1%, but required a meshing with number of element per wave-

length (𝑁) in order of thousand. With 700 elements per wavelength the error is near to 0.7%, enough if is con-

sidered the error insertions due to fabrication and characterization process. 



56 

 

The time insertion response in Figure  32 is not the output response for S band range of 

frequencies, in fact for central case 𝑓𝑐 = 2.450 GHz propagation on board material RO4350B 

(𝜖𝑒𝑓𝑓 ≈ 2.54), requires at least 400 ps to produce a complete oscillation. However, the com-

plete power output presented below (Figure  34) include high energy components outside of 

S band, in fact, the main resonance of the system is directly in 𝜆 or 2𝑓0. 

 

Figure  34 Spectral pulse composition Complete Gaussian pulse excite all possible frequencies on the mesh-

ing. This exceeds the narrow band analyzed in the present study, insertion of digital filter system for S band 

produces the well-known modulated Gaussian profile, modulated signal corresponds to power behavior. 

The data presented above show the energy composition for S band, right axis confirms two 

magnitude orders of difference between S band high power peaks, Gaussian modulate pulse 

energy occupied around 2.0 𝑛𝑠, to reproduce the similar case presented in [10] physical sep-

aration between spectral components must be this value.  

Assuming a log normal power distribution (Figure  35), ISM S-band region was divided in 

𝑞 =  13 symbols, 𝐵𝑊 got it with 𝑇𝐿 resonators is near of 100 so minimum restriction for 

separation 𝑑 = 4 produce a code with 𝐿 =  4. The carriers are 𝑓𝑛 = 2396.15 + 0.1𝑛/13 

with 𝑛 ∈ ℕ, each encoding symbol produce a power output increasing the sidelobes of cross 

correlation function, expressed in mean power values by the below figure. For log normal 

distribution, 80% of main power is in the interval 𝜇 ± 4𝜎, so the pulse will be considered of  

1.5 ns duration. 
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Figure  35 Resonator Spectral Response. Power profile outgoing of each the resonator (symbol) will be de-

fine with spectral distance. Low 𝑄 values in narrow band symbols imply high cross correlation energy. 

5.3. Frequency Synthesizer proposed 

Array of resonators in Microwave region is a hot current researching area with applications 

like, antennas arrays and metamaterials, pulsed ESR to generate homogenous in plane mag-

netic field [58], sensing capabilities in MKID [59][60][61], plasma generation [62], quantum 

computing architectures [63], Microwave SQUID Multiplexing [64][65] and so on. The de-

sign proposed here is limited by lossy material characteristics (RO4350B) in consequence 

the quality factor around 200 limited bandwidths of resonators, which theoretically is at max-

imum some tenths of MHz  

The idea is to test the inclusion of time delays in consecutive resonant structures, the system 

is composed by Wilkinson power dividers (4.2.1), taper sections increasing impedance 

(4.2.2) and controlling coupling capacitance, posterior to each resonant case it is introduce 

time delays (Figure  36). Testing family generator is G0 = (5, 6, 8, 7) in agreement with sec-

tion 2, Bin algorithm [1] produce 𝑞 =  13 codes using the recurrent way (48): 

 𝐶𝑛 = (5 + 𝑛, 11 + 𝑛, 6 + 𝑛, 0 + 𝑛) (mod 𝑞), 𝑛 ∈ ℕ (48) 

Adjacent symbols within codes avoid the lateral lobules in auto correlation function, which 

is an important parameter to improve in orthogonal codes, however two consecutives codes, 
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𝐶𝑛 and 𝐶𝑛+1 are only separated Δ𝜆 = 1 in adjacent components, with spectral response pre-

sented in Figure  35, interference provided by users with similar codes (close values for 𝑛), 

produce a high power values over the cross correlation function, for example, codes with 

Δ𝜆 = 1 impact with power distribution of almost 50% of central auto correlation peak value. 

 

Figure  36 Frequency Synthesizer proposed using microstrip technology, the time delay is easily controllable, 

the value is only function of conductor length, although increase the length is equivalent to increase the loss in 

transmission, the receiver section is just the opposite case, the final loss in each frequency is the same, at least 

in terms of losses for metallic conduction. 

Time delays 𝜏𝑖 insertion must support and spread the cross-correlation peaks, Hamming spec-

tral function Δ𝜆(𝑋, 𝑌) detects the difference between each cell (Figure  37) and profile of 

power response for each case 𝑃(𝑛, Δ𝜆) (Figure  35) is added. Intensity over the detector could 

be expressed by the following expression: 

 

𝐼(𝑡 = 𝜑) = ∑ 𝑃(𝑛, Δ𝜆(𝑋(𝑛), 𝑌(𝑛 + 𝜑))) ,

𝑁𝐿+𝐾

𝑛=0

   0 ≤ 𝜑 ≤ 𝑁𝐿 + 𝐾 (49) 

Where 𝐿 is the length of the code, 𝐾 is the total delays value, 𝑇 is the sampling time and 𝐼(𝜑) 

is the cross-correlation value. Each new value for 𝐼(𝑛𝑇) require a shift over user code, there 

are some regions of code with null energy over the cross-correlation functions (shadow re-

gions in Figure  37). To decrease cross correlation the next time step (𝑛 + 1)𝑇, the system 

needs to increase the shadow regions. This implies to distribute randomly time between each 
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frequency symbol, but each user needs to assign different values, so the problem is equivalent 

to produce different ways to sum a natural number in a different ways, this type of require-

ments is named partitions functions [33]. 

 

Figure  37 Cross Correlation on time domain. At time 𝑡 =  𝑛𝑇, superposition of both codes generates an out-

put power based on spectral separation. 

Using the uniform separation autocorrelation function has a significant peak in central case 

(Figure  38a), however there are sidelobes even without interferers absence, clearly spectral 

response and crowded carriers in a narrow band present a major probability collision event. 

The scenario with 3 users without time separation (Figure  38b) produce false detection, in  

 

Figure  38 Cross correlation synthesizer time scale compared to Figure  11, spectral response for S band res-

onators implemented has a response with 3 shared users generating conflicted cross correlation adjacent 

peaks, in fact only 3 users over the channel generate enough interference to produce same probability in bit 

detected. 

𝑡 = 𝑛𝑇 

User a 

User b 𝑔𝑘 𝜏𝑘 𝑔𝑘+1 𝜏𝑘+1 𝑔𝑘+2 

𝑓𝑘 𝜏𝑘 𝑓𝑘+1 𝜏𝑘+1 𝑓𝑘+2 
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fact, sidelobes are equal to autocorrelation central value. Introducing time delays between 

adjacent symbols like original research [10],  but again sidelobes has an significant event 

against identification of central power peak.  

In Figure  11 it was presented FBG array with separation of 40% related to time duration of 

pulse output, RF case use around 400ps of free separation between adjacent symbols, again 

the cross correlation pulses increase power with increase the number of users (Figure  39a-

b). The codes 𝐶𝑖 and random times spaces 𝑀𝜏𝑖
[ps] (50) assigned to each user are presented 

below, calculating the cross correlation profile with (49) and with spectral characteristics 

founded for microstrip resonators, the peaks sidelobes are notorious reduced (Figure  39). 

 5 11 6 0 
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 8 1 9 3 
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 10 3 11 5 

𝐶𝑖 = 
11 4 12 6 
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𝑀𝜏𝑖
= 

88 1108 4 

 281 440 479 

 173 452 575 

 368 769 63 

 39 159 1002 

 248 397 555 

 267 811 122 
 

(50) 

Again, only using blank separation improve the median of power signal reducing 𝜎𝐼
2 on the 

detector and could BER quality measure improve, however the adjacent peaks in the cross 

correlation increase with the user number. Uniform time delays produce coincident times 

spaces where user cross correlation (Figure  39ab) peaks increase the value. Introducing ran-  
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Figure  39 Random Separation. The frequency synthesizer displayed beneath using family generator 𝐺0 =

(5, 6, 8, 7) adding uniform separation of 400ps between each encoding frequency with (a) 3 interferes and (b) 

6 interferers, distributed this time separation randomly (c) 3 interferers and (d) 6 interferers. Distribution of 

time delays reduce significantly sidelobes, however the auto correlation sidelobes produce interference due 

spectral response of the system. 
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dom time delays try to use this time spaces to reduce the coincident adjacent peaks and spread 

this power values, although median and variance in time domain does not improve, the dy-

namic range in decoding system is increasing, with 6 users and trade off in spectral design 

for encoding part, the synthesizer produce (Figure  39c-d) a clear distinction between users, 

central peak of autocorrelation is more energetic than cross correlation counterparts. 

5.4. Summary 

The inclusion of random time delays improves the cross-correlation function generating side-

lobes energy peaks decrease. Design of frequency synthesizer using the resonators designed 

in previous chapters, even with the low values of quality factor fabricated could be used to 

test the protocol but the main limitation is the precision in the technique.  
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Conclusions 

Insertion of random spaces using a partition approach reduces the sidelobes in cross correla-

tion function for the frequency synthesizer proposed. Dynamic range for SCDMA is im-

proved and capacity of network in terms of user number enhance to tolerate high values of 

MAI caused by active users in the network. Cardinality on family in OC1d limits user num-

ber, but with the full network active, the interference reduces traffic at levels of DS3. The 

analog method proposed here improves significantly optical and Microwave synthesizer de-

signed and analyzed previously. 

Coupling case of FBG and exploring random spaces in Figure  9 showed insertion time delays 

proposed by [24]. It could be extrapolated to delay times into SFH-CDMA case with RF 

encoding-decoding system using linear resonators and controlling the time delays equiva-

lently with delay lines in Microstrip Technology. 𝑄 factor for Microwave case studied pre-

viously is limited by conductor and substrate losses. However, the results in Figure  39 and 

Figure  10 showed spreading lateral peaks power using random approach, allowing to study 

even with low quality resonators. 

The simulation of coupling several symbols (frequency carriers) got it in the previous section 

(sec. 5) allows to test the RF synthesizers idea using linear resonators, power dividers, tapers, 

and delays sections, checking the frequency and time performance. Encoding system pro-

posed for frequency synthesizer was detailed to determine the encoding-decoding system. It 

was exposed the insertion using partitions function for time delays section. FDTD method in 

XFdtd®, although requires high computing times and robust hardware requirements, pre-

sented a good balance between simulation performance and experimental results. 

Random approach using partitions to get 𝑀𝜏𝑖
 is an agile method to find time delays with the 

properties to avoid coincident lateral peaks in all the cross correlation cases. However, it is 

required a deep search to understand which are the better time distribution limits and search-

ing methods to produce these delays. The random time distribution improves the access 

method to channel using correlation detection in SCDMA. Applications of this method could 



64 

 

be in car navigation radars [66] where the interference and hardware is fixed. For the digital 

case, switching time is the main bottleneck and delay times must be multiples of the clock 

system. 

Microstrip Technology using manual screen printing and mechanical milling fabrication us-

ing commercial R0450B material is a tradeoff method to produce accurate geometrical di-

mensions of circuit. However, for microstrip technology using static approximation expres-

sions [42][40] produces a 0.5% standard error and commercial software uses this approxi-

mation to design. This error of 0.5% in frequency domain is equivalent to 10MHz in symbol 

carrier. To improve this approximation, it is required precision on the geometrical dimen-

sions, only possible with optical approach like lithography techniques. 

Different families of OC1d produce a slightly different performance over the correlation syn-

thesizer. The family set of generators were characterized in terms of BER performance for 

correlation detector, so the algorithm of generators produces families with different perfor-

mance. Selection of families ℋ = {13, 4, 𝑑𝑙, 1, 0} and ℋ = {29, 8, 𝑑𝑙, 1, 0} allows to analyze 

all the generators using Bin [1] algorithm. In this sense, mathematical properties seem the 

same from the point of view of generation, but results in term of BER indicate a slightly 

structure of this generators over the correlator detector. 

Future works 

Manual fabrication like local screen printing or silkscreen is a testing process for RF fabri-

cation circuits with limitation in high precision requirements. Lithography is a next approach 

to fabrication of this type of resonators array. The application is not only in communications 

protocols; high 𝑄 resonators have had an increasing interest in multiple fields where the 

models and test protocols developed in this research contains the start points to posterior 

implementations. 

Clearly, the material and method of characterization limits the resolution over time random 

spread capacity and frequency selectivity. Division of 2.4GHz ISM band in 11 symbols re-

quire Q factors in order of 150. This is not problem with the techniques and material pre-

sented in this research, but the reproducibility of each symbol depends on accurate methods 

of fabrication. So, to introduce a real application, it is required an accurate method of fabri-

cation based in passive elements, adequate for a crescent microwave industry. 
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High correlation between models and FDTD simulation could improve the frequency values, 

extending the time and computer capacities (Figure  33). One of the difficulties is about curve 

structures; meshing requirements presented to improve the precision requires an extensive 

computing time. 
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