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Abstract: The multimode (MM) optical fibers both silica and plastic are used nowadays in LANs for high bit rate data transmission (up to 10 Gbit/s) and distances of a few hundred meters. In this paper, the influence of the launching conditions on the MM fiber attenuation and bandwidth are investigated both theoretically and experimentally for offset launches. This influence is the greatest when the MM fiber modes are not coupled. Restricted launches usually lead to the bandwidth increase for regular n(r) profiles as they excite fewer modes than for instance the overfilled launch. The situation is reversed for the profiles with flaws (such as a central dip). Then some launch types may even lead to the bandwidth reduction below the values guaranteed by the manufacturer.
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1 Introduction

The multimode (MM) optical fibers both silica and plastic are used nowadays in LANs for high bit rate data transmission (up to 10 Gbit/s) and distances of a few hundred meters. The crucial issue is to determine basic transmission parameters of such a fiber, especially its modal bandwidth as well as the attenuation. Due to the modulation speed, semiconductor lasers have to be used instead of LEDs. The employment of the lasers makes it difficult to determine the values of the transmission parameters. The reason is that contrary to the LEDs that excite almost all guided modes, the lasers excite fewer modes than LEDs. Furthermore, the types of excited modes strongly depend on the light coupling between the laser source and the MM optical fiber. As the modes have different transmission parameters (for instance the modal group delay and the attenuation coefficient), it is very important which modes are excited and which are not. The mode group delays determine the fiber modal bandwidth and the modal losses- its attenuation, therefore together with the light launch they strongly influence the MM fiber transmission parameters. The situation is even more complicated as the modes propagating in the fiber are coupled and they interchange their energies. Therefore, the mode mixing process is also a factor that should be taken into account when considering the transmission parameters of the MM fiber. This paper is devoted to the assessment how various effects such as light launching, and mode coupling affect the MM optical fiber bandwidth and attenuation. This problem has been treated by many authors beginning from the classical works by Gloge [1], Olshansky [2] and ending at late works by Raddatz et al. [3], Yabre [4], and Pepljugorski et al. [5]. Here, we present an approach, which combines the numerical solution of the mode diffusion equation with the exact calculation of the launch conditions. 

2 Theory

Let us denote by P(x,z,t) the mean value of the power of the mode belonging to the compound mode described by x, at the distance of z from the transmitter end of the fiber, and at the time moment of t. Here x=m/mc is the compound mode number normalized to mc which is the number of maximum guided compound mode. Then the equation that describes the behavior of the modal powers (the diffusion equation) may be written as [2] 
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Here τ(x) is the mode group delay, α(x) is the mode attenuation, and d(x) is the mode- coupling coefficient. In the following we shall discuss these parameters.

   For regular profile of the index of refraction n(r) the mode delay is given by [6,7]
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Here N1 is the group index of refraction at the core center, Δ=0.5 NA2/(n1)2, (where NA is the numerical aperture, and n1=n(0)), ε is the profile dispersion parameter, and g is the parameter that defines the shape of the index profile:
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where a is the core radius. 

   The values of τ(x) obtained from (2) were compared with the exact numerical results obtained according to the finite element method presented in [8]. The results of comparison for the profiles close to parabolic are shown in Fig. 1. It is readily seen that except for the highest order modes both methods give very close results.
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Fig. 1. Comparison of the mode delay τ(x) obtained from (2) (solid lines) with the results of numerical calculation (points) for an optical fiber with the following parameters: D=50 (m, NA=0.2, (=0.78 (m, ε=0, for three regular profiles (from the bottom): g=1.9, 2, 2.1

   The modal attenuation, α(x), is a function of x. The value of α(x) is determined by effects common for all the modes such as absorption and Rayleigh scattering as well as phenomena related to the irregularities between core and cladding and the cladding effects. The latter two phenomena bring about a substantial increase of the high modes attenuation. For silica fibers this increase is around several dB/km [3,4]. In this paper, we assume that the mode attenuation is given by
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where α0 is the common attenuation, Δα is the attenuation increase, and c is a parameter describing the shape of the α(x) function, its value is usually between 4 and 8 [3,4].

   The mode- coupling coefficient, d(x), is most often expressed as [7,9]
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where d0 [1/km] defines the coupling strength between modes belonging to the adjacent compound modes, and the exponential q describes its functional form. Both parameters depend on the fiber type, and its perturbations (core diameter variations, micro- and macro bends etc.). For a gradient index (parabolic profile) fiber it is assumed q=0 or q=-0.5 [2,4,7,10]. The value of the coupling coefficient, d0, may be as high as 30 1/km [10,11]. In modern fibers, however, it is usually less, so sometimes one assumes no coupling at all (i.e. d0=0, no mode mixing) [5].

   In order to solve eqn. (1) it is necessary to define the boundary conditions. These are the following [2,7,12]
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   To calculate the frequency response of the optical fiber and its bandwidth it is more suitable to use the Fourier transform of P(x,z,t)
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   Taking the Fourier transform of both sides of eqn. (1) we get
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where M is the number of all guided modes. The boundary conditions are similar to (6), (7) 
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Here p(x) is the initial power of the mode belonging to the compound mode x:
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and δ(t) is the delta Dirac function.

   The number of modes in a given compound mode x is proportional to x. Besides, two orthogonal polarizations are possible. Thus, the power P(x) of this compound mode is 2xP(x,z,t), and the total powers at the input and output of the fiber are respectively
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Taking the Fourier transform of (14), (15) we get finally the frequency response of the fiber
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Here F(x,z,f) is the solution of eqn. (9) with the boundary conditions (10)-(12). In this paper, eqns. (9), and (16) were solved numerically. Writing eqn. (16) we neglected the chromatic dispersion of the fiber. This is justified when the source linewidth is small. Writing (8), (16) we also assumed that employed connectors are good enough, and they do not significantly redistribute powers among mode groups.     Otherwise, the presented model will require recalculation of the modal distribution at each connector.  
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Fig. 2. Powers of compound modes calculated numerically (solid lines) and theoretically (dashed lines) for Gaussian beam of 9 (m diameter and variable offset from the core center. MM fiber parameters are the following: the core diameter D=62.5 (m, NA=0.275, n1=1.48, g=2, (=0.78 (m, ε=0

   Two approaches are possible to calculate the initial distribution of compound mode powers at the fiber input, P(x). First, the incoming light beam may be decomposed into the MM fiber modes by calculating the correlations between the input field distribution and distributions of all MM fiber guided modes [3,14]. These correlations define the coupling coefficients between the input and all modes. This may be done numerically. The second approach assumes the Gaussian beam input as well as both the weak guiding and infinite parabolic profile of the MM fiber. Then both the modal fields and coupling coefficients may be expressed analytically, the latter by means of the generalized Laguerre polynomials [15]. The mean power of a mode belonging to the compound mode m is given by 
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and the compound mode power P(x) is
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Here k is the number of modes in the compound mode m, and clp is the coupling coefficient between the input field and a linearly polarized mode LPlp.

   Both approaches were tested in this paper showing an excellent agreement (in Fig. 2, there are shown powers of compound modes excited by a Gaussian beam with variable offset).
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Fig. 3. Powers of compound modes P(x) calculated numerically for a MM fiber (D’=50 (m, (=0.78 (m, NA=0.2, g=2) which is excited with LP01 mode from a step index fibers with two  core diameters (D=4 (m, v=1.9; D=9 (m, v=3.7; v is the normalized frequency). Results are shown for various offsets from the core center.

   The compound mode powers are also calculated numerically for two exciting fibers with different diameters. The results are shown in Fig. 3. Two conclusions can be drawn from Fig. 3.

1. The beam with smaller diameter excites somewhat higher modes

2. The greater the offset is, the higher compound modes are launched

3 Calculation of the bandwidth and attenuation

As mentioned before eqn. (9) in general case may be solved only numerically. To this end we used finite difference methods [16], namely the explicit method and the DuFort & Frankel method [16]. Each case was solved independently by these two methods until the convergence of the results was obtained. If not stated otherwise the results presented were obtained for a MM optical fiber with the following parameters: g=1.8, (=0.05, (=0.85(m, D=62.5 (m, NA=0.275, n1=1.48, L=1 km. The modal bandwidth as defined here corresponds to the 3 dB optical power reduction (optical bandwidth) and it is consistent with the standard definition [13].
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Fig. 4. Modal bandwidth, B, as a function of the launch offset for 9 μm Gaussian beam; d(x)=d0; regular profile (no defects)

   If the restricted launch is realized by coupling the MM to the exciting SM fiber, the modal bandwidth depends on the offset between core centers of the fibers. For the regular index of refraction profiles (no profile defects), central launch, and relatively large input beam diameters (e.g. 9 μm) only few modes are excited. However, the number of modes increases with the offset increase as shown in Fig. 2. Therefore, in this case the modal bandwidth is usually the greatest for central launch, as depicted in Fig. 4. The bandwidth is also greater when the mode coupling is reduced (smaller d0) and the index profile has no defects. Less mode coupling results in fewer modes propagating, therefore, the maximum modal delay difference is smaller and the bandwidth is greater (see Fig. 4 again).
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Fig. 5. Modal bandwidth, B, as a function of the launch offset for 4 μm Gaussian beam; d(x)=d0; regular profile

   The situation is more complex for exciting beam with a smaller diameter (e.g. 4 μm). Generally such a narrow beam excites more modes, which are higher order modes. Therefore, the relations that hold true for the 9 μm beam, are not so clear for the 4 μm beam, and the bandwidth does not depend strongly on the offset. Fig. 5 illustrates this situation. The effect was also confirmed experimentally.
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Fig. 6 Modal bandwidth, B, as a function of the launch offset for 9 μm Gaussian beam; d(x)=d0; distorted profile given by eqn. (19)

   A completely different situation takes place for a distorted profile of refraction index. We can model the influence of the dip at the core center introducing a delay distortion of low order modes:
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Here τ(x) is the modal delay for a regular profile, x0 defines the highest mode affected by the distortion, and h is the distortion depth. Eqn. (19) gives a very rough approximation to the actual distorted delay curve; nevertheless it suffices to get insight into what actually happens. The calculation results are depicted in Fig. 6. The bandwidth is highly reduced for the central launches as the distortion affects only the lowest order modes. The bandwidth reduction is relaxed by the intense mode mixing (high d0). The results for the 50 μm fiber are similar.

   The MM optical fiber attenuation is also sensitive to the restricted launch conditions. However, the attenuation is rarely an issue in LANs, where the fibers are not longer than a few hundred meters. Furthermore, the attenuation does not depend on potential index profile distortions. The crucial parameters here are those appearing in eqn. (4). The coupling strength is also important: the more intense mode mixing (greater d0) the more power leaks to the cladding, and the higher the attenuation is. This is shown in Fig. 7. One also observes that the attenuation is increased for greater offsets, as larger offsets excite higher order modes whose attenuation is also higher.
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Fig. 7. Fiber attenuation as a function of the offset for different coupling coefficients, D=62.5 μm, d(x)=d0, α0=2 dB/km, Δα=10 dB/km, c=6 (see eqn. (4)), offset launch with 9 μm beam

4 Measurements

In order to verify the theoretical results a series of measurements was taken. The measurement set up consisted of a tuned generator connected to an optical transmitter (with switched wavelengths 650 nm and 780 nm), and an optical receiver coupled to an electrical spectrum analyzer. An opto-mechanical mechanism made it possible to vary the launch offset by moving a position of the end of a single mode patchcord with regard to the MM fiber center. The frequency response of the setup was flat to around 600 MHz allowing the respective measurement of the fiber modal bandwidth. Replacing the receiver and the spectrum analyzer with an optical power meter enabled us to measure also the fiber attenuation as an offset function. Two typical GI MM silica fibers with core diameters 50 μm and 62.5 μm were examined. The measurement results are shown in Fig. 8, 9

   The attenuation versus offset curves are similar (see Fig. 9). They show the minimum attenuation for central launches as expected. The attenuation is increased by 3 dB for 15...20 μm offsets as the higher modes with higher attenuation are excited for larger offsets. Furthermore, the loss is somewhat lower for the 4 μm fiber than for 9 μm one. This may be explained as follows. The 9 μm fiber is not truly monomode at 0.78 μm, and both LP01 and LP11 modes are guided. These in turn excite higher order modes in MM fiber than it happens for a truly monomode 4 μm fiber (see theoretical part).  As the attenuation of the higher order modes is greater, the 9 μm offset launches have slightly greater losses. 
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Fig. 8. Power received at the far end of the silica GI fiber (D=62.5 μm, L= 500 m) as a function of the offset in x and y directions. Two SM fibers with different core diameters (4 and 9 μm) were used as exciters. λ=0.78 μm

   Results of the bandwidth measurement are shown in Fig. 9. For the 4 μm exciter the modal bandwidth is the greatest for central launches and decreases for offsets, whereas for the 9 μm exciter the bandwidth only slightly depends on offset. Furthermore, no matter the offset, the bandwidth for the 4 μm exciter is always greater than for the 9 μm one. This was also predicted theoretically: central launches give usually greater bandwidths for regular index of refraction profiles which all the tested fibers proved to have (see Fig. 4, 5). The second effect is due to the fact that the 9 μm fiber is not truly monomode at 0.78 μm. As it was already explained, the combination of LP01 and LP11 modes excites more modes in a MM fiber than a single LP01 mode. That results in smaller bandwidth for this combination; this bandwidth only slightly depends on the offset.
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Fig. 9. Bandwidth of the silica GI fiber (D=50 μm, L= 1000 m) as a function of the offset in x and y directions. Two SM fibers with different core diameters (4 and 9 μm) were used as exciters. λ=0.78 μm

5 Conclusions

The influence of the launching conditions on the MM fiber attenuation and bandwidth were investigated both theoretically and experimentally for offset launches. This influence is the greatest when there is no mode coupling in the MM fiber (d0=0). The mode coupling is very moderate in contemporary optical fibers used in LAN. These links are relatively short (a few hundred meters at maximum) so the launching type is even more important.

   Restricted launches usually lead to the bandwidth increase for regular n(r) profiles as they excite fewer modes than for instance the overfilled launch. The situation is reversed for the profiles with flaws (such as a central dip). Then some launch types may even lead to the bandwidth reduction below the values guaranteed by the manufacturer.

   Finally, the obtained results indicate the possibility of selective excitation of a few independent compound mode groups by appropriate offset launches (see Fig. 2). For small coupling coefficients and short links these mode groups practically do not interchange powers. This shows a possibility of modal multiplexing: these mode groups may bear independent information and/or modulation provided that they may be successfully separated and received by independent photodetectors at the receiver end. 
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		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3		0.3

		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35		0.35

		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4

		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45		0.45

		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5		0.5

		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55		0.55

		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6

		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65		0.65

		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7		0.7

		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75		0.75

		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8

		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85		0.85

		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9		0.9

		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95		0.95

		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1		1



g=1.9

x

tau(x) x10-8 [s/m]

0.493327

0.493329

0.493338

0.49334

0.493333

0.493335

0.493321

0.493324

0.493343

0.493346

0.493333

0.493336

0.493315

0.493319

0.493349

0.493352

0.493334

0.493337

0.49331

0.493315

0.493355

0.493358

0.493334

0.493338

0.493304

0.49331

0.493361

0.493365

0.493335

0.493339

0.493299

0.493305

0.493367

0.493371

0.493335

0.49334

0.493294

0.4933

0.493373

0.493378

0.493336

0.493341

0.493289

0.493296

0.493379

0.493384

0.493337

0.493343

0.493284

0.493291

0.493386

0.493391

0.493337

0.493344

0.493279

0.493287

0.493392

0.493398

0.493338

0.493345

0.493274

0.493283

0.493399

0.493405

0.493339

0.493347

0.49327

0.493278

0.493406

0.493412

0.49334

0.493348

0.493265

0.493274

0.493412

0.493419

0.493342

0.49335

0.493261

0.49327

0.493419

0.493426

0.493343

0.493352

0.493257

0.493265

0.493266

0.493427

0.493433

0.493345

0.493353

0.493253

0.493257

0.49326

0.493262

0.493434

0.493437

0.49344

0.493346

0.49335

0.493353

0.493355

0.493248

0.493236

0.493238

0.493241

0.493246

0.49325

0.493254

0.493258

0.493441

0.493432

0.493436

0.493439

0.493443

0.493445

0.493448

0.493348

0.493339

0.493343

0.493347

0.493351

0.493354

0.493357

0.493244

0.493183

0.493191

0.493204

0.493219

0.493233

0.493244

0.49325

0.493255

0.493449

0.493405

0.493411

0.49342

0.493431

0.493441

0.493449

0.493455

0.49335

0.4933

0.493306

0.493317

0.49333

0.493342

0.493351

0.493356

0.493359

0.493241

0.49301

0.493023

0.493058

0.493105

0.493153

0.493194

0.493223

0.49324

0.493251

0.493456

0.493301

0.493311

0.493334

0.493366

0.493399

0.493426

0.493446

0.493457

0.493463

0.493352

0.493167

0.493177

0.493205

0.493243

0.493283

0.493316

0.49334

0.493353

0.493361

0.493237

0.493464

0.493354



Arkusz1

		0.05		0.493327		0.493329																		0.493338		0.49334																						0.493333		0.493335

		0.1		0.493321		0.493324																		0.493343		0.493346																						0.493333		0.493336

		0.15		0.493315		0.493319																		0.493349		0.493352																						0.493334		0.493337

		0.2		0.49331		0.493315																		0.493355		0.493358																						0.493334		0.493338

		0.25		0.493304		0.49331																		0.493361		0.493365																						0.493335		0.493339

		0.3		0.493299		0.493305																		0.493367		0.493371																						0.493335		0.49334

		0.35		0.493294		0.4933																		0.493373		0.493378																						0.493336		0.493341

		0.4		0.493289		0.493296																		0.493379		0.493384																						0.493337		0.493343

		0.45		0.493284		0.493291																		0.493386		0.493391																						0.493337		0.493344

		0.5		0.493279		0.493287																		0.493392		0.493398																						0.493338		0.493345

		0.55		0.493274		0.493283																		0.493399		0.493405																						0.493339		0.493347

		0.6		0.49327		0.493278																		0.493406		0.493412																						0.49334		0.493348

		0.65		0.493265		0.493274																		0.493412		0.493419																						0.493342		0.49335

		0.7		0.493261		0.49327																		0.493419		0.493426																						0.493343		0.493352

		0.75		0.493257		0.493265		0.493266																0.493427		0.493433																						0.493345		0.493353

		0.8		0.493253		0.493257		0.49326		0.493262														0.493434		0.493437		0.49344																				0.493346		0.49335		0.493353		0.493355

		0.85		0.493248		0.493236		0.493238		0.493241		0.493246		0.49325		0.493254		0.493258						0.493441		0.493432		0.493436		0.493439		0.493443		0.493445		0.493448												0.493348		0.493339		0.493343		0.493347		0.493351		0.493354		0.493357

		0.9		0.493244		0.493183		0.493191		0.493204		0.493219		0.493233		0.493244		0.49325		0.493255				0.493449		0.493405		0.493411		0.49342		0.493431		0.493441		0.493449		0.493455										0.49335		0.4933		0.493306		0.493317		0.49333		0.493342		0.493351		0.493356		0.493359

		0.95		0.493241		0.49301		0.493023		0.493058		0.493105		0.493153		0.493194		0.493223		0.49324		0.493251		0.493456		0.493301		0.493311		0.493334		0.493366		0.493399		0.493426		0.493446		0.493457		0.493463						0.493352		0.493167		0.493177		0.493205		0.493243		0.493283		0.493316		0.49334		0.493353		0.493361

		1		0.493237																				0.493464																								0.493354

		m		wzor		numerycznie																		wzor		obliczenia																						wzor		obliczenia

				g=1.9																				g=2.1																								g=2





Arkusz1

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0		0



g=1.9

x

tau(x) x10-8 [s/m]
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Wykres1

		0.05		0.05		0.05		0.05		0.05		0.05

		0.1		0.1		0.1		0.1		0.1		0.1

		0.15		0.15		0.15		0.15		0.15		0.15

		0.2		0.2		0.2		0.2		0.2		0.2

		0.25		0.25		0.25		0.25		0.25		0.25

		0.3		0.3		0.3		0.3		0.3		0.3

		0.35		0.35		0.35		0.35		0.35		0.35

		0.4		0.4		0.4		0.4		0.4		0.4

		0.45		0.45		0.45		0.45		0.45		0.45

		0.5		0.5		0.5		0.5		0.5		0.5

		0.55		0.55		0.55		0.55		0.55		0.55

		0.6		0.6		0.6		0.6		0.6		0.6

		0.65		0.65		0.65		0.65		0.65		0.65

		0.7		0.7		0.7		0.7		0.7		0.7

		0.75		0.75		0.75		0.75		0.75		0.75

		0.8		0.8		0.8		0.8		0.8		0.8

		0.85		0.85		0.85		0.85		0.85		0.85

		0.9		0.9		0.9		0.9		0.9		0.9

		0.95		0.95		0.95		0.95		0.95		0.95

		1		1		1		1		1		1
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		0.05		0.571		0.159		0.004		0		0		0.934		0.353		0.022		0		0		0.79		0.01

		0.1		0		0.323		0.028		0		0		0		0.408		0.085		0.002		0		0.21		0.18

		0.15		0.217		0.201		0.095		0.001		0		0.051		0.189		0.183		0.009		0		0		0.35

		0.2		0		0.067		0.191		0.005		0		0		0.033		0.252		0.025		0				0.29		0.02

		0.25		0.101		0.08		0.235		0.017		0		0.013		0.008		0.233		0.055		0.001				0.13		0.09

		0.3		0		0.048		0.175		0.045		0		0		0.004		0.144		0.1		0.003				0.04		0.184

		0.35		0.051		0.026		0.08		0.094		0.001		0.001		0.001		0.058		0.149		0.007						0.238

		0.4		0		0.03		0.043		0.151		0.003		0		0.001		0.015		0.18		0.015						0.216

		0.45		0.027		0.013		0.043		0.188		0.007		0		0		0.003		0.177		0.029						0.147		0.032

		0.5		0		0.014		0.03		0.176		0.017		0		0		0.001		0.14		0.05						0.076		0.08

		0.55		0.015		0.009		0.016		0.121		0.036		0		0				0.088		0.078						0.029		0.13

		0.6		0		0.006		0.015		0.061		0.066		0		0				0.044		0.107								0.167

		0.65		0.008		0.006		0.012		0.032		0.104		0		0				0.018		0.132								0.182

		0.7		0		0.003		0.006		0.028		0.141		0		0				0.006		0.142								0.16

		0.75		0.005		0.003		0.006		0.023		0.16		0		0				0.002		0.135								0.119

		0.8		0		0.002		0.005		0.014		0.15		0		0				0		0.112								0.076

		0.85		0.002		0.002		0.003		0.009		0.114		0		0				0		0.081								0.037

		0.9		0		0.001		0.003		0.008		0.069		0		0				0		0.051								0.017

		0.95		0.001		0.001		0.002		0.006		0.035		0		0				0		0.029

		1		0		0		0.001		0.004		0.021		0		0				0		0.015
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		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0
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		0		0		0		0		0		0		0		0		0		0		0		0		0		0
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		0		0		0		0		0		0		0		0		0		0		0		0		0		0

		0		0		0		0		0		0		0		0		0		0		0		0		0		0
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		x[um]		P9 [dBm]		P9 y		B 6dB [MHz]		P4 [dBm]		B 4 y		F 6dB [MHz]		P4y

		-30		-10		-8		400		-8		450		430		-8

		-20		-4		-5		400		-4		550		520		-4

		-10		0		-2		400		-3		600		600		-2

		0		0		0		400		-2		600		600		-2

		10		-2		0		400		-3		550		550		-4

		20		-4		-4		400		-5		500		450		-6

		30		-10		-10		400		-10		450		420		-10

				9um						4um
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		x[um]		P9[dBm]		p9		B 6dB [MHz]		P2[dBm]		p4		F 6dB[MHz]		B9		B4

		-25		-10		-10		180		-10		-8		380		190		450

		-15		-2		-3		200		-2		-2		530		200		480

		-5		0		0		220		-2		-2		530		230		530

		5		0		0		230		-2		-2		530		230		500

		15		-2		-2		200		-2		-2		500		220		450

		25		-9		-10		180		-6		-8		400		200		450

						9um						4um





Arkusz1

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0

		0		0		0		0



9 um x

9m um y

4 um x

4 um y

Przesunięcie [um]

Pasmo [MHz]

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Arkusz2

		





Arkusz3

		






_1175699179.xls
Wykres1

		0.029		0.029		0.029		0.029		0.029		0.029		0.029		0.029		0.029		0.029		0.029		0.029

		0.057		0.057		0.057		0.057		0.057		0.057		0.057		0.057		0.057		0.057		0.057		0.057

		0.086		0.086		0.086		0.086		0.086		0.086		0.086		0.086		0.086		0.086		0.086		0.086

		0.114		0.114		0.114		0.114		0.114		0.114		0.114		0.114		0.114		0.114		0.114		0.114

		0.143		0.143		0.143		0.143		0.143		0.143		0.143		0.143		0.143		0.143		0.143		0.143

		0.171		0.171		0.171		0.171		0.171		0.171		0.171		0.171		0.171		0.171		0.171		0.171

		0.2		0.2		0.2		0.2		0.2		0.2		0.2		0.2		0.2		0.2		0.2		0.2
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		1		1		1		1		1		1		1		1		1		1		1		1



0 um

5 um

10 um

15 um

20 um

25 um

0 um

5 um

10 um

15 um

20 um

25 um

x

P(x)

1

0.421

0.031

0

1

0.418

0.031

0

0

0.36

0.107

0.003

0

0.359

0.105

0.003

0.158

0.184

0.012

0.16

0.182

0.012

0.048

0.212

0.031

0

0.049

0.212

0.03

0

0.011

0.186

0.061

0.001

0.012

0.187

0.059

0.001

0.002

0.131

0.095

0.004

0.002

0.133

0.093

0.004

0

0.078

0.123

0.009

0

0.08

0.122

0.008

0.04

0.139

0.017

0.041

0.138

0.017

0.018

0.137

0.03

0

0.019

0.137

0.029

0

0.007

0.121

0.046

0.001

0.008

0.122

0.045

0.001

0.003

0.096

0.064

0.002

0.003

0.097

0.064

0.002

0.001

0.07

0.081

0.004

0.001

0.071

0.081

0.004

0

0.047

0.096

0.008

0

0.048

0.095

0.008

0.029

0.103

0.013

0.03

0.103

0.013

0.017

0.104

0.02

0.017

0.104

0.02

0.009

0.098

0.029

0.01

0.098

0.029

0.005

0.086

0.04

0.005

0.087

0.039

0.002

0.072

0.051

0.002

0.073

0.051

0.001

0.057

0.062

0.001

0.058

0.062

0

0.043

0.072

0

0.044

0.072

0.031

0.079

0.031

0.079

0.021

0.083

0.021

0.083

0.014

0.083

0.014

0.083

0.009

0.08

0.009

0.08

0.005

0.073

0.005

0.074

0.003

0.065

0.003

0.066

0.002

0.056

0.002

0.056

0.001

0.046

0.001

0.047

0

0.037

0

0.037

0.028

0.029

0.021

0.021

0.016

0.015

0.011

0.011

0.008

0

0.004



Arkusz1

		0.029		1		0.421		0.031		0						1		0.418		0.031		0

		0.057		0		0.36		0.107		0.003						0		0.359		0.105		0.003

		0.086				0.158		0.184		0.012								0.16		0.182		0.012

		0.114				0.048		0.212		0.031		0						0.049		0.212		0.03		0

		0.143				0.011		0.186		0.061		0.001						0.012		0.187		0.059		0.001

		0.171				0.002		0.131		0.095		0.004						0.002		0.133		0.093		0.004

		0.2				0		0.078		0.123		0.009						0		0.08		0.122		0.008

		0.229						0.04		0.139		0.017								0.041		0.138		0.017

		0.257						0.018		0.137		0.03		0						0.019		0.137		0.029		0

		0.286						0.007		0.121		0.046		0.001						0.008		0.122		0.045		0.001

		0.314						0.003		0.096		0.064		0.002						0.003		0.097		0.064		0.002

		0.343						0.001		0.07		0.081		0.004						0.001		0.071		0.081		0.004

		0.371						0		0.047		0.096		0.008						0		0.048		0.095		0.008

		0.4								0.029		0.103		0.013								0.03		0.103		0.013

		0.429								0.017		0.104		0.02								0.017		0.104		0.02

		0.457								0.009		0.098		0.029								0.01		0.098		0.029

		0.486								0.005		0.086		0.04								0.005		0.087		0.039

		0.514								0.002		0.072		0.051								0.002		0.073		0.051

		0.543								0.001		0.057		0.062								0.001		0.058		0.062

		0.571								0		0.043		0.072								0		0.044		0.072

		0.6										0.031		0.079										0.031		0.079

		0.629										0.021		0.083										0.021		0.083

		0.657										0.014		0.083										0.014		0.083

		0.686										0.009		0.08										0.009		0.08

		0.714										0.005		0.073										0.005		0.074

		0.743										0.003		0.065										0.003		0.066

		0.771										0.002		0.056										0.002		0.056

		0.8										0.001		0.046										0.001		0.047

		0.829										0		0.037										0		0.037

		0.857												0.028												0.029

		0.886												0.021												0.021

		0.914												0.016												0.015

		0.943												0.011												0.011

		0.971												0.008												0

		1												0.004

										numeryczne						wzór
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