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                                    Abstract

   This thesis investigates image fiber optic two--dimensional (2-D) parallel optical interconnects

based on space-code-division multiple access (space-CDMA). The interconnect systems considered

in this thesis provide asynchronous multiple-access data links of 2-D optical signals for inter-chip to

inter-cabinet interconnections and 2-D processor arrays systems. This thesis consists of seven

chapters as follows.

   Chapter 1 reviews the background of this thesis and provides the outline of the thesis.

   Chapter 2 investigate the interference noise of 2-D orthogonal code, namely, Optical Onhogonal

Signature Patterns (OOSPs ) which is used in the space-CDMA scheme. Probability density

function of the interference noise is theoretically derived. Multiplexing characteristics of the space-

CDMA system are investigated from a aspect ofbit errors caused by the interference noise.

   Chapter 3 discusses the characteristics of image fibers as 2-D parallel optical data transmission

media. Advantages and drawbacks of image fibers are investigated comparing 2-D parallel optical

transmission media including image fibers, 2-D fiber arrays, and lens systems. Further more, image

fiber skew characteristics, which is one of the most important parameters of parallel transmission

media, is investigated.

   Chapter 4 proposes a novel concept of the image-fiber branching and a simple constmction

using graded index (GRIN) rod lenses. This image fiber coupler has several features including

compact and reliable assembly and ease of optical alignment. This is one of the basic passive

optical devices in image fiber optic systems.

   Chapter 5 discusses 2-D optical amplifier based on Er-doped image-fiber amplifier (EDIFA). in

this chapter, measured gain characteristics of test EDIFAs are presented. Applications and pumping

method are also discussed.

   Chapter 6 shows several experimental demonstrations of image fiber optic 2-D parallel optical

interconnects based on space-CDMA. The experimental demonstrations include a transmission

experiment using a 1oo-m-long image fiber. 512-Mbps 2--D parallel transmission using 8 x 8

VCSEL/PD arrays is also demonstrated.

   Chapter 7 summarizes all the conclusions obtained in this thesis.

   This research was conducted at the Communications Research Laboratory.

Tokyo, Japan

December, 2002

Moriya Nakamura
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Chapter 1

Introduction

   Parallel optical interconnection is an important technique for high-performance computing and

switching systems because its high-speed opticai transmission without paralleVserial data

conversion enables an increased data throughput. There have been various reports on parallel

optical interconnection modules using fiber ribbons and one-dimensional (1-D) laser diode

(LD)/photo diode (PD) arrays. However, for massively parallel processing systems using smart

pixel technology, whose structure is a two-dimensional (2-D) processor array, the use of 2-D

parallel optical interconnections is essential because the data to be transmitted are 2-D [1].

Additionally, 2-D parallel transmission can dramatically increase the channel capacity in

comparison with 1-D parallel transmission,

   2-D parallel optical interconnects have been studied mainly in the area of free-space optical

interconnects using lens systems [2], [3]. 2-D parallel optical transmission using lens systems can

take fu11 advantage of the parallelism of optics. However, lens systems are not flexible in system

implementations because the arrangement of each component is restrained by lens parameters such

as focal length and, especially, it is difficult to apply them to inter-processor-board and inter-cabinet

interconnections. That is why there is a need for a fiber-based 2-D parallel optical transmission

medium that is bendable, and can transmit 2-D data in parallel.

   lmage fiber is an important candidate for fiber-based 2-D parallel optical transmission medium.

An image fiber has several thousands to several tens of thousands of cores in a common cladding,

and it can transmit 2-D optical signals in parallel. lmage fibers have been used as a direct-image

transmission medium for, e.g., medical endoscopy and industrial inspection. Some experimentai

demonstrations of image-fiber based optical interconnects have been reported [4-8]. in these

demonstrations, however, image fibers were used only for point-to-point connection with one

transmitter and one receiver, and multiple access of one-to-many connection remains to be

                                        1
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developed.

   One method to realize the 2-D multiple access is to use a network switch [9]. Another is to

employ multiplexing schemes [10]. A novel multiplexing scheme called space-code-division

multiple access (space-CDMA) has been proposed for multiplexing 2-D parallel optical signals [11],

[12]. in the space-CDMA scheme, bit-signals in 2-D parallel data are encoded using 2-D spatial

onhogonal code called optical orthogonal signature patterns (OOSPs), and multiplexed. The

receivers can decode only an intended parallel signal by correlating the received pattern with the

corresponding OOSP [11]. By using the space-CDMA scheme, a number of optical 2-D channels

can be established simultaneously with individual clock speed, and asynchronous transmission is

possible. This thesis investigates image fiber optic 2-D parallel optical interconnects based on

space-CDMA. Figure 1.1 schematically shows the overview of this thesis.

   In Chapter 2, the interference noise of 2-D orthogonal code, namely, OOSPs which is used in

space-CDMA scheme is theoretically investigated [12]. Probability density function of the

interference noise is derived. Multiplexing characteristics of the space-CDMA system is

investigated from a aspect of bit errors caused by the interference noise. Bit-error-rate (BER)
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performance is calculated in terms of the decision threshold, the code length, the code weight, and

the number of users. It is shown that the BER characteristics can be improved byprethresholding

method.

   in Chapter 3, characteristics of image fibers as 2-D parallel optical data transmission media is

studied [13-15]. 2-D parallel optical transmission media including image fibers, 2-D fiber arrays,

and lens systems are compared, and the advantages and drawbacks are studied [14]. lmage fiber

skew characteristics, which is one of the most important pararneters of parallel transmission media,

is also investigated [13]. A novel measurement method for image fiber skew is proposed, and the

characteristics is investigated experimenta11y and theoretically. The measurement results reveal that

a test 1oo-m-long image fiber having 3 x 10` cores has skew of 5 pslm, and the time-of-flight

disuibutes randomiy in the whole area of the image circle. It is shown that the skew of an image

fiber is increased by bending, and the bending-induced skew does not depend on the radius of

curvature and the shape of the curve but only on how many turns it is wound. The numerical

calculation shows that the winding must be resuicted to less than 5 turns to achieve a transmission

speed over 1 Gbpslch. Lastly we will propose a twisted image fiber and a 8-shaped bobbin for

suppressing skew due to bending.

   In Chapter 4, a novel concept of image-fiber branching and a simple constmction using graded

index (GR]N) rod lenses is proposed [16-19]. One of the key devices in the image fiber based 2-D

parallel optical interconnects is the image-fiber branching device, namely, image fiber coupler.

lmage fiber couplers are needed to realize one-to-many andlor many-to-many data links such as

space-CDMA systems. Image fibers can be branched simply by using beam-splitters (BSs) and

lenses which image one end to other ends of the image fibers. However, the compact and reliable

assembly and ease of optical alignment are required. The proposed image fiber coupler consists of

GRIN rod lenses, a miniature cube BS, and V-grooves. This lens system has the focal points on the

end surfaces of the GRIN rod lenses. Therefore, optical alignment with image fibers can be

achieved simply by butt-joints on the V-grooves. Required lens parameter conditions such as

numerical aperture (NA), lens diameter, and size of BS are clarified by theoretical analysis.

Fabricated test image fiber coupler is experimenta11y characterized to clarify contrast degradation

and vignetting loss characteristics.

   In Chapter 5, 2-D optical amplifier based on Er-doped image-fiber amplifier (EDIFA) is

proposed [20], [21]. Some 2-D parallel optical interconnect systems that interconnect several 2-D

opto-electronic devices have been tested previously [22-27]. in these systems, however, branching

loss is one of the most serious problems, because the 2•-D optical signals are branched repeatedly to

enable data links between many devices. Therefore, a 2-D optical amplifier is needed to compensate



for this loss. The 2-D optical amplifiers can be used in the same way as conventional Er-doped fiber

amplifiers (EDFAs) in optical communication systems, and they also compensate for transmission

loss. Additionally, 2-D optical amplifiers are applicable in image-processing and 2-D optical-data-

processing systems. They will thus become key devices in future optical computing systems.

   The proposed EDIFA is compared with a conventional 2-D optical amplifier based on a

semiconductor optical amplifier having a vertical-cavity surface-emitting laser (VCSEL) stmcture.

Pumping methods for the EDIFA are also proposed. Specifications of the fabricated test EDIFAs are

shown. The measured gain characteristics of the test EDIFAs are presented. The measurements are

compared with the characteristics of a single-core reference Er-doped fiber pulled from the same

core preform. Finally, ways to achieve higher-gain EDIFAs are suggested.

   in Chapter 6, several experimental demonstrations of image fiber optic 2-D parallel optical

interconnects based on space-CDMA are described [24-31]. Four channels of 64-bit (8 x 8) parallel

optical signals are multiplexed and transmitted through an 9-m-long image fiber using a

experimental space-CDMA system in which Xe lamps and spatial light modulators (SLMs) are used

to generate 2--D optical signals [24]. Experirnental demonstrations of transmission through a 100-m-

long image fiber [25] and decoding using prethresholding method which is theoretically

investigated in Chapter 2 are also described [12]. High-speed space-CDMA system using 2-D

VCSEIVPD arrays is investigated [26], [27]. ln the experiment, 512-Mbps 2-D parallel transmission

using 8 Å~ 8 VCSELIPD arrays is demonstrated. Two spatially encoded four-bit (2 x 2) parallel

optical signals are emitted from the VCSEL arrays and transmitted through image fibers. After

multiplexingldemultiplexing operations, the two parallel signals are individually retrieved. BER

performance and tolerance of lateral misalignment are given. The transmitter!receiver structure and

the optical alignment method are also described.

   in Chapter 7, the overall conclusions obtained in this thesis are summarized.



Chapter 2

Space-CDMA and its theoretical
performance

2.1 Introduction

   Optical code-division multiple access (CDMA) allows many users, which technically collide

with one another, to transmit and to be accessed simultaneously with no waiting time in an

asynchronous manner. Its features include addressability by many users in the network, the ability

to support bursty traffic, and natural increase in communication security. in conventional time-

domain optical CDMA, each bit of input data is encoded into a waveform which corresponds to a

signature sequence. All the encoded signals from transmitters are multiplexed and broadcast to all

receivers. Each receiver can regenerate the intended data from the multiplexed signals by using its

own signature sequence [32-35].

   A novel type of CDMA, a space-CDMA, has been proposed and experimentally demonstrated

for parallel transmission aiming at application to future high-throughput two-dimensional (2-D)

parallel data links connecting massively parallel processors having a number of data bits regularly

aligned on 2-D grids [11], or so-called bit planes [1]. in this scheme, each pixel in the bit planes is

encoded into a signature pattern, namely, an optical orthogonal signature pattern (OOSP). The

encoded patterns from the transmitters are multiplexed and transmitted through an image fiber.

   in this chapter, the interference noise of OOSPs and the multiplexing characteristics of space-

CDMA system are investigated [12]. In Section 2.2, the space-CDMA scheme and the

orthogonality of OOSPs are reviewed. in Section 2.3, the noise of interfering OOSPs is analyzed

and their probability density functions are derived. ln Section 2.4, bit errors caused by interference

noise are evaluated in terms of the decision threshold, the code length, the code weight, and the

number ofusers. in Section 2.5,prethresholding method is introduced to suppress interference noise.

5
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                     Fig. 2.1: Block diagram of the space-CDMA.

It is showen that the bit error rate characteristics of the space-CDMA system can be improved by

the method. Section 2.6 is devoted to the study of the relation between the number of users and

required system resolution.

2.2 Conceptofspace-CDMA

2.2.1 Space-CDMAscheme

   2-D parallel data links based on an innovative optical space-CDMA have been proposed for

future optical data links for massively parallel computer networks as well as for data transfer from

optical page-oriented memories to other memories or to processors [11]. Figure 2.1 shows the

schematic for the space-CDMA system. Each pixel in the input bit planes is encoded into a

signature pattern, called the OOSP. The smaller pixels in OOSPs are called chip pixels. The

encoded patterns from the transmitters are multiplexed and transmitted through an image fiber. The

receiver correlates the received pattern with its own OOSP. The input bit plane is regenerated after

thresholding is operated on the correlation output. It is noteworthy that the OOSPs are mutually

orthogonal, so that it is possible to demultiplex these patterns, even if they are multiplexed with

some shift.

   This 2-D parallel optical link allows the transfer of 2-D bit planes without serial to parallel

conversion, and hence, this resolves the "VO bottleneck" of parallel processors caused by wiring

crisis. Additionally, each receiver side can be linked to the intended bit plane by selecting the
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corresponding signature pattern. Using this space-CDMA scheme, some experiments of 2-D

parallel optical interconnects have been demonstrated, which will be described in Chapter 6.

2.2.2 OOSPs

   The fundamental rules that govern OOSPs are: that they should retain orthogonality, and that a

1arge number of assignable signature patterns is preferred. These rules must be achieved under two

constraints that:

   (1) Signature patterns must be distinguishable from any space-shifted versions of themselves in

      the 2-D plane and

   (2) Any two different signature patterns in a set must be distinguishable from one another, even

      if any spatial shift exists in the 2-D plane.

   Here, the possibility of rotation of encoded pattern after transmission is ruled out. These

constraints require that autocorrelation peak must be much higher than the correlation side lobes,

and any peaks in the cross-correlation function must be much lower than the peak for the

autocorrelation function. These requirements can be expressed in binary discrete correlation forms

as [11]

       II.il).,II.:.,ei(,3'el+qk'.j+i(s=6W.qfifi.O,riks=ki,7-.OM-i, (2.i)

        MM       ZE e,(,q,•)el.q,'),j.,S5. forq#q',OSk,tSM-1 (2.2)
        isl 1'sl

where e,(3) is the matrix element of qth OOSP E(q) which can be expressed as

              el(lq) el(29) e e e efMq)

              eS?' eSg) e e e eSq.'

               eee e
               ee ee
               ee ee
              exel eMq} eee eM ,

All the elements of E(q) take binary values of O or 1, and each value corresponds to each chip pixel

of the OOSP. Value w, is the weight (the number of binary 1's) of OOSP E(q). Value M is the size of
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                   (b)

OOSP I [E(i)] OOSP 2 [E(2)]

...
ttt.

OOSP 1

                                                      2Å~2OOSP2
            OOSP 3 [E(3)] OOSP 4 [E(4)]

 Fig. 2.2: (a) Examples of 5 Å~ 5 OOSPs that have a weight of three. (b) Mutual orthogonality

 between OOSP 1 and OOSP 2.

OOSPs (or M2 is called the spreading factor). For k = l = O, Eq. (2.1) represents the autocorrelation.

Constraint 1 is represented by Eq. (2.1). That is, the autocorrelation is set to w,, and the correlation

for any space shift must be equal to or less than b,.Constraint 2 is represented by Eq. (2.2), in that

the cross-correlation for any space shift must be equal to or smaller than b.. in a strict sense,

6. = 6. = 1 is required to retain orthogonality. Furthermore, it is assumed that each weight w, of

OOSP in a set have the same value w for the sake of mathematical simplicity. ln these condition, the

possible maximum number of OOSPs N is bounded by [1 1]

           M2-1                  . (2.4)       NS           w(w - 1)

   For example, Fig. 2.2(a) shows a set of four OOSPs with M = 5 and w = 3. As shown in Fig.

2.2fo), the cross-correlation property between OOSP 1 and OOSP 2 is determined by observing the

number of spatially overlapped chip pixels each time OOSP 1 is shifted vertically and horizontally,

pixel by pixel over the expanded 2 x 2 plane arrangement of OOSP 2. Here, the maximum value of

cross-correlation is unity. Therefore, OOSP 1 and OOSP 2 can be said to be mutually orthogonal.

2.3 Probability density function for interference noise

2.3.1 TwointerferingOOSPs
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   As described in Section 2.2, the number of overlapping chip pixels of two different OOSPs is

unity at most. The overlapping causes interference noise, resulting the degradation of signal-to-

interference noise ratio (SIR). Therefore, to evaluate bit error rate (BER) in a space-CDMA system,

the probability density function (PDF) of the overlapping chip pixels is investigated. The derivation

of the PDF which will be described below is an extension of the one used for one-dimensional (1-

D) signature sequences, or so-called optical onhogonal codes (OOCs) [36], [37].

   Assume that a desired signal is encoded by OOSP 1, and OOSP 2 is an undesired signal (see Fig.

2.2(b)). As OOSP 1 is shifted on the expanded plane of OOSP 2 vertically and horizontally with a

multiple of l,, the maximum number of overlapping chip pixels would be one because of the

orthogonality of OOSPs as described above, where t, is the side length of a square chip pixel. The

area of overlap corresponds to the interfering noise. The probability of the one overlap is w21M2,

because, for each chip pixel of value 1 in OOSP 2, there are w possible chip pixels of OOSP 1

where the overlaps can take place, and there are M2 relative positions for OOSP 1. It is assumed that

the relative position of OOSP 1 is uniforrnly distributed. Furthermore, if each pixel for the bit

planes is modulated by on-off keying with a duty ratio of 112 (i.e., if the duty ratio of the bit stream

from each pixel of the bit planes is 112), then the probability for overlap would be w212M2. For

exarnple, OOSPs in Fig. 2.2(b) have three chip pixels of value 1 and there are 9 (w2 = 32) possible

relative positions where the one overlap take place. The total relative position between OOSP 1 and

OOSP 2 is 25 (M2 = 52). Consequently, in this case, the probability of the one overlap is 91(2 x 25).

The complement of this event, which corresponds to the probability for non overlap, is 1 - w212M2.

Therefore, the PDF P.(u) for u overlapping chip pixels can be defined as

p. (u)== (1- 2WM22 )s(u)+ 2WM22 s(u -- 1),
(2.5)

where 5 is Diarc deha function. The mean and variance for the random variable u are m = w2/2M2
                                                                         u
and a.2 = (w212M2)(1-w212M2), respectively.

   The shifts of OOSPs were restricted to a multiple of l,. To derive the PDF in a rigorous manner,

overlap when the shifts are not integer multiples of l, have to be investigated. However, in this case

the PDFs Pij(u) for al1 combination of interfering ith andJ'th OOSPs do not have the same function

[36]. For a set of N OOSPs, .C, = N(N - 1)12 different PDFs have to be derived. However,

concerning the mean m,. and variance a,,2. of P, (u), it can be said that
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       a,i• <o,2. (2.7)
Furthermore, a.2 can be used as an approximation to the actual value a,i [36]. in general, the

variance of interference or noise signal is directly proportional to its own power, i.e., it can be said

that the 1arger the variance, the higher the bit error rate. For mathematical convenience, the PDF

P.(u) as an approximation to derive the upper bound on bit error rate can be used. "Therefore, in the

discussion below, it is assumed that the shifts of OOSPs are restricted to a multiple of l,.

2.3.2 Ninterferingsignals

   ln a general space-CDMA system there would be N users. Therefore interference with N

interfering OOSPs has to be investigated to evaluate system performance. (in this discussion the

effect of quantum noise and thermal noise is neglected. It is assumed that error is only due to the

interference noise of OOSPs. Furthermore, all transmitters have the same power at al1 receiver

sides.)

   For notational sirnplicity it is assumed that the desired signal is denoted by n = 1 in N interfering

signals. The intensity of the total interference noise on the desired signal is sum of interference

noise from the other n - 1 interfering signals, i.e.,

            N

           n`2

where Ii is the intensity of the total interference to the desired signal n = 1, and I:i) is the intensity

of the interference noise to the desired signal n = 1 from other nth (n t 1) signal. Each I:i) takes a

value ofO or 1 on the PDF shown in Eq. (2.5), and ISi) are independent. Hence the PDF for the

random variable I, can be represented by binomial distribution as

        pl, (Il)= :,.o .-lc,( 2WM22 )i (1- 2wM22 )N -1-i s(Il -1) (2.g)

From (9), I, can take values OSI, SN-1, and the mean m,, and variance a,2, for I, can be



2.3. PROBABILITYDENSITYFUNCTIO,NFORINTERFERENCENOISE 11
expressed as

     mi,=(N-i)-2:!2t4rM2 (2.io)
      u,2,==(N-1)-2:llrl-s-M,(1-2WM2,) (2.11)

2.4 BERperformanceofspace-CDMA

2.4.1 TheoreticalupperboundonBER

  In general, an error occurs in a CDMA system when the transmitted datum is O and the

interference noise is over the thresholding level Th, i.e., I, 2 Th . Therefore the probability of error,

BER, can be expressed as

     BER -- -5 ffi P(i, }ii,, (2.i2)

where P(I,) is the exact PDF of the interference noise Ii. As described in Section 2.3, P(I,) is

hard to derive, and the approximation (upper bound) P,,(Ii) was calculated. Therefore we can

express the upper bound on BER using the approximation

     BER<-lll .MI P,, (I, )il, (2.13)

and, from Eq. (2.9),

     BER < -ll ,'Åí., .-, c,(2WM2, )i (1- 2wM2, )"-1-i (2.14)

2.4.2 BERperformanceofspace-CDMA
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10, M= 32, and w == 3, 5, 7, 9.

   Figure 2.3 shows the upper bound of the BER versus the threshold for a fixed number of users

(N = 10) and weight (w = 5) and different matrix sizes of OOSPs (M = 16, 32, 64). When the

threshold increases, the smaller the probability becomes that interference noise will exceed the

threshold, resulting in the improvement of the BER. When the size of OOSPs increases, the system

performance is improved for a constant weight. This is because as the size of the OOSPs becomes

larger, a decrease in the probability of overlapping of chip pixels is expected. However, it should be

noted that 1arger OOSP requires a higher spatial resolution on transmission characteristics in the

space-CDMA system. Figure 2.4 shows the upper bound of BER versus the threshold for the
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number of users N = 10 and the sizes of OOSPs M = 32 for a variety of weight w = 3, 5, 7, 9. When

the weight increases, the value of BER also increases for the same threshold value because of the

increase in the probability that the chip pixels of OOSPs overlap each other. However, with a 1arge

weight value the system performance can be improved if the threshold is increased. Figure 2.5

shows the BER (upper bound) versus the number of users for the size of OOSPs M = 32 and a

weight w = 5 with a variety of the threshold levels Th = 1, 3, 5.

   in general, the larger the threshold value, the better the system performance becomes. However,

Th is limited by the weight w because the power w of desired signal have to be detected as ON.

Here, the optical power per one chip pixel is defined as unity. This can be explained by Fig. 2.6(a),

in which the PDF of the detected power is schematically shown. The power which corresponds to

OFF or ON has some width caused by the jnterference noise expressed by Eq. (2.9). From Eq. (2.8),
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                                     (b) (c)

                     (a) -
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 Fig. 2.7: (a) Multiplexed image of three OOSPs (2, 3, and 4). (b) intensity distribution of the
 multiplexed image. (c) Distribution correlated with OOSP 1.

the maximum of interference noise is N -- 1. The probability of error corresponds to the shaded area.

It is noteworthy that if w > N- 1, the error caused by the interference can be zero when the

threshold is set as N-1< 77z Sw [Fig. 2.6(b)].

   As described above, in this study it is assumed that error is due only to the interference noise of

the OOSPs, neglecting the effect of quantum noise and thermal noise. However, from some

experimental study [22], [24], it can be said that the interference noise of OOSPs is dominant.

Therefore these results for the BERs are significant when estimating the performance of space-

CDMA systems and in designing OOSPs.
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2.5 Prethresholdingmethod

2.5.1 BERinprovementusingprethresholdingmethod

   In this section prethresholding method is introduced to improve the BER performance of the

space-CDMA systems. Simi1ar thresholding has been applied in conventional CDMA systems and

other data-recovery systems by use of the correlation process [36], [37]. The BER that is due to

interference noise can be reduced by the introduction of prethresholding before the correlation

process shown in Fig. 2.1. For example, the three OOSPs, 2, 3, and 4 in Fig. 2.2(a) are multiplexed

as shown in Fig. 2.7(a). The top of Fig. 2.7(b) shows the four-levels of intensity created by

conventional multiplexing, and the bottom shows the intensity disuibution obtained by the
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prethresholding of each chip pixel. The distribution correlated with OOSP 1 is shown in Fig. 2.7(c).

Without prethresholding (shown at the top), an error occurs even if the threshold level is set at

three; on the other hand, prethresholding (shown at the bottom) allows decoding without an error

when the threshold is between unity and three. This satisfies the constraint for a thresholding level

Th of 1S T7z Sw.

   It is mathematically complicated to derive an explicit expression of the BER for the case in

which the shifts of OOSPs are multiples of l,, the side length of a square chip pixel. However, we

can derive the upper bound for the interference signal I,. The PDF for Ii can be written as (see

Appendix A)

Pl, (Il )Sg il,lll.1 (.Ci fi.i.1 (1 - q.N-m )lb(Il -- i)

(2.15)

where the symbol H denotes the product.

   From inequality (2.13) and expression (2.15), the BER when the prethresholding method is used

can be expressed as

BER<
;tY..,(wCifi.`.,(1'qc"-M)]'

(2.16)
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2.5.2 BERperformanceofspace-CDMAwithprethresholdingmethod

   Figures 2.8 and 2.9 show BERs as functions of the thresholding level Th with and without

prethresholding for different values of M and w. in Fig. 2.10, the BER is plotted as a function of the

number of users N for various values of Th. These figures show that prethresholding improves the

system performance. Prethresholding is particularly effective in the region where the threshold

value is 1arge. This can be understood by examining the two extreme case. When Th is set at 1,

prethresholding cannot improve the BER because it suppresses the intensity of interfering noise at

each position of a chip pixel to only one, which exceeds the threshold value. On the other hand,

when Th is set at the maximum value w in the system with prethresholding, the interference from

other OOSPs has to hit at all the chip-pixel positions to exceed Th, which is apparently rare case. in

general, Th is set as large as possible to derive superior system performance. Therefore, from Figs.

2.8-2.10, it can be said that the prethresholding works effectively to improve the space-CDMA

system performance. The effriciency of the method has also been experimentally verified, which will

be described in Section 6.2.

2.6 Conclusion

   As described above, to improve BER, it is necessary to increase the size of OOSPs M and, at the

same time, to select the maximum value of code weight w. However, M ,w and the number of users

N have to satisfy the Eq. (2.4). On the other hand, the 1arger M becomes, the better the spatial

resolution that is required. ln addition, the resolution is limited by the devices used in the

implementation. From Eq. (2.4) the maximum value of w is limited by

.s
[g' 4M2+ N -4

4N

]•

(2.17)

where Lxl denotes the integer portion of the real value x. As explained above, BER can be

determined by the four parameters M, w, N, and Th. ln general, BER can be reduced by increasing

the threshold level Th; therefore we set Th for its maximum value, Th = w, in this discussion. in this

case BER can be expressed as
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BER < 'lli.ill. N.iC,(2WM2, )(1- 2WM2, )"-'-' , (without prethresholding),

(2.18)

BER < -ll !I.l, (1 - (1 - 2]ilii , )"-M] ,

(with prethresholding). (2.19)

Additionally, the value of w is determined by the equation (2.17). Hence BER can be calculated by

only two parameters M and N. Figure 2.11 shows the maximum number of users N versus M with

the restriction that BER < 10'9. When N increases, very large size of OOSPs is required, even if

prethresholding method is used. Commercial type high contrast image fiber has the resolution of

about 50 lplmm (lp: line pairs). For example, if a thick image fiber with the diameter 3 mm is used,

a pattern of about 210 x 210 square matrix can be transmitted in parallel. in a case that the matrix of

signal is 8 x 8, the size of OOSPs has to be smaller than 26 (<21018). ln this case, from the Fig. 2.11,

the maximum number of users are limited up to 16 to satisfy BER < 10-9. To multiplex larger

number of users, the OOSPs with larger size have to be used and it is needed to increase the system

resolution. Therefore, it is crucial to develop high-resolution (and high-contrast) image fibers. And

it is also important to design OOSPs with low mutual interference which does not require such a

high resolution to satisfy a sufficiently low BER [38].

For conclusion, in this Chapter, the multiplexing characteristics of the space-CDMA system was



investigated. The upper bound on BER vvas calculated for a variety of different parameters to clarify

the system performance. Funhermore, the prethresholding method to improve the performance was

introduced, and its efficiency was proved by BER analysis. Efficiency was also demonstrated

experimentally.
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Chapter 3

Image fiber for 2-D parallel optical data

link

3.1 Introduction

   "2-D parallel" is one of the most intriguing keywords in the area of optical interconnects.

0ptical interconnects are categorized into fiber based optical interconnects and free-space optical

interconnects. 2-D parallel optical interconnects have been studied mainly in the area of free--space

optical interconnects using lens systems [2], [3]. 2-D parallel optical transmission using lens

systems can take fu11 advantage of the parallelism of optics. However, lens systems are not flexible

in system implementations because the arrangement of each component is restrained by lens

parameters such as focal length and, especially, it is difficult to apply them to inter-processor-board

and inter-cabinet interconnections. That is why there is a need for a fiber-based 2-D parallel optical

transmission medium that is bendable, and can transmit 2-D data in parallel.

   Image fiber is an important candidate for fiber-based 2-D parallel optical transmission medium.

Figure 3.1 shows a cross-sectional view of an image fiber. An image fiber has several thousands to

                                                   Cores

                                Image circle
                       Silicajacketry

     Cladding

Plastic coating

Fig. 3.1: Cross-sectional view of an image fiber.
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several tens of thousands of cores in a common cladding, and it can transmit 2-D optical signals in

parallel. image fibers have been used as a direct-image transmission medium for, e.g., medical

endoscopy and industrial inspection. Therefore, transmission characteristics of image fibers as

optical data transmission media have not been well studied.

   ln this chapter, characteristics of image fibers as parallel optical data transmission media is

studied [13], [14], Section 3.2 compares 2-D parallel optical transmission media including image

fibers, 2-D fiber arrays, and lens systems and studies the advantages of the image fibers [14]. In

Section 3.3, image fiber skew characteristics, which is one of the most important parameters of

parallel transmission media, is studied [13]. A novel measurement method for image fiber skew is

proposed, and the characteristics is investigated experimentally and theoretically. The measurement

results reveal that a test 100-m-long image fiber having 3 x 10` cores has skew of5 psfm, and the

time-of-flight distributes randomiy in the whole area of the image circle. It is shown that the skew

of an image fiber is increased by bending, and the bending-induced skew does not depend on the

radius of curvature and the shape of the curve but only on how many turns it is wound. The

numerical calculation shows that the winding must be restricted to less than 5 turns to achieve a

transmission speed over 1 Gbpslch. Lastly we will propose a twisted image fiber and a 8-shaped

bobbin for suppressing skew due to bending.

Table 3. 1: Comparison of 2-D parallel optical transmission media

Media Advantages Drawbacks

Fiber

based

Image
fiber

No need of precise optical alignment at input or output

end

Independence of array size and geometric
configurations of optical signals

Capability of simple branching

Low skew

Low coupling efficiency with LD array

Transmission distance restricted by crosstalk between

core

High cost

  2-D
fiber array

Good coupling ethciency with LD arrays

Low crosstalk

Deviation of core spacing

Small array size

Difficult to fabricate simple branching devices

Difficult to control skew

Bulky

Free-

Space
Lens

system

Massiveparallelism

Compact assembly

Precise assembly is required

Difficult to apply to inter-board and inter-cabinet

lnterconnects

Bulky
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3.2 Image fiber vs. other 2-D parallel optical transmission media

3.2.1 2-D parallel optical transmission media

   Table 3.1 is a summary of the advantages and disadvantages of various 2-D parallel optical

transmission methods for optical interconnects. Since free-space optical interconnects can take full

advantage of the parallelism possible with optics, massively parallel transmission can be achieved

by using lens systems, including spherical lenses, micro-lens arrays, and/or graded index (GRIN)

rod lenses to construct imaging systems and beam systems [2] ,[3]. However, assembly requires a

high precision, and the arrangement of each component is restricted by lens parameters such as

focal length. Therefore, free-space optical interconnects are not suitable for making inter-board and

inter-cabinet connections, which require the interconnects with handling-ease as well as a flexibility

in the configuration. For making inter-board and inter-cabinet connections, and for intra-board

interconnections, therefore, fiber-based optical interconnects might be suitable. To our knowledge,

only two fiber based 2-D parallel transmission methods are available at present: image fibers and 2-

D fiber arrays. The 2-D fiber array is a bundle of optical fibers, the ends of which are aligned to

form a 2-D array [39-42]. The 2-D fiber arTay can achieve a low degree of crosstalk and efficient

coupling. However, it is difficult to control its core pitch precisely when the array size becomes

relatively larger. Skew is also a problem because the 2-D fiber is a bundle of discrete optical fibers

like a fiber ribbon.

3.2.2 Advantagesofimagefibers

   An image fiber provides a solution to the problems of lens systems and 2-D fiber arrays. An

image fiber is a multi-core fiber that has several thousands to several tens of thousands of cores in a

common cladding. The typical dimensions are 3 pm in core diameter, 5 pm in spacing between

cores, 800 pm in image diameter, etc. Such fiber is widely and typically used as a short-range,

direct-image transmission medium for, e.g., medical endoscopy and industrial inspection. An image

fiber can also be applied to the transmission of 2•-D parallel optical signals. Figure 3.2 is a

schematic view of a system for 2-D parallel optical transmission between 2-D VCSELIPD arrays

via an image fiber. An optical signal is incident on a srnal1 area within the image circle and is

transmitted by some cores because the spacing between cores is only a few micrometers. Optical

signals can be transmitted via any point on the image circle so that precise optical alignment is
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VCSEL array PD array

     Fig. 3.2: lmage fiber optic 2-D parallel interconnection between 2-D VCSELIPD arrays.

needed neither at the input nor the output end, when the fiber is coupled with 2-D VCSEIVPD

arrays. The image fiber that can be used is independent of both the array size and geometric

configuration of the optical signals. Simple branching devices can be fabricated by using imaging

lenses, which is described in Chapter 4. Funhermore, a low degree of skew can be expected.

However, a large coupling loss of over 5 dB that arises because light incident on the cladding area is

not transmitted is a drawback [43]. This coupling loss depends on the ratio of the cross-sectional

areas of the cores and the cladding. in addition, crosstalk between cores restricts the transmission

distance because the longer the image fiber, the greater the crosstalk. in spite of these drawbacks,

the image fiber may find suitable applications to inter-board and inter-cabinet interconnections,

especially in systems that include 2-D processor arrays, because of the many advantages over the

other currently available 2-D parallel optical transmission methods.

3.3 Skewcharacteristicsofimagefiber

3.3.1 Skew of image fibers

   One of the most important parameters of parallel optical transmission media is skew. Skew is

defined as the maximum difference of propagation time between transmission channels, and it

limits synchronous parallel transmission speed, In inter-cabinet interconnections, which need a

transmission distance of up to 100 m, skew has to be less than 1 pslm for a transmission speed of 1

Gbpslch [nonreturn' to zero (NRZ) pulsewidth: 1 ns]. Some theoretical analyses of skew of fiber

ribbons and attempts to fabricate low-skew fiber ribbons have been reported [44], [45]. However,

skew of image fibers has not been well studied. One reason is that the conventional phase method

[45], which is used to measure skew, can not be suitably applied because an image fiber has so

many cores and the core spacing is only a few microns.
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 Fig. 3.3:Pulse broadening and skew caused by propagation delay difference between image-fiber

 cores.

   Figure 3.3 schematically shows the propagation delay difference on optical pulses propagated

through an image fiber. Each optical pulse having a finite spot-size broadens during the propagation

in several cores. Because each core has a different propagation delay caused by fluctuations of

relative refractive index and core diameter. Additionally, optical pulses anive at the output end at

different times because of uneven distribution of propagation delay over the whole image circle.

This uneven distribution is caused by the residual stress as well as bending. To apply the image

fiber to high-speed 2-D optical data link, we need to characterize both the local time-of-flight

difference between individual cores in a srnal1 area and the global distribution of time-of-flight

difference in the whole area of an image circle.

3.3.2 Novelskewmeasurementmethod

   The time-of-flight difference of fiber ribbons has been measured by using the phase method.

The phase method compares the phase of each transmitted signal with that of a reference channel.

However, this method is difficult to apply to image fibers because an image fiber has several tens of

thousands of cores and the spacing between cores is only a few microns.

   To the authors' knowledge, only one attempt to evaluate skew of image fibers has been reported

by Kawai et al. [43]. The skew was evaluated from the broadened optical pulse width after the

propagation through an image fiber by taking into account the mode dispersion. However, this

method has some problems such as: i) inability to measure time-of-flight difference between

individual cores, and ii) practical difficulty to measure distribution of time-of-flight difference in

whole area of an image circle.
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Image fiber

Objective
   lens

LD
i

Streak
camera

                             Variable (Synchronization)
                            delay unit

                      Fig. 3.4: Proposed skew measurement system.

   Figure 3.4 schematically shows the proposed measurement method. An optical pulse is

launched into al1 the cores of an image fiber. The output light of the image fiber is imaged on the

front-end horizontal slit of the streak camera by an objective lens. The optical pulses which pass

through the slit induce electrons on a photoelectric surface, and al1 the electrons are simultaneously

swept vertically in the streak camera. The time-of-flight difference between the cores results in

deviations along a vertical line. Thus, al1 the optical pulses propagated through the cores imaged on

a line along the slit are observed simultaneously on a real-time basis. The output endface of the

fiber is scanned by moving in the vertical direction in order to measure the image circle area. This

measurement method will resolve the problems i) and ii) described above. The precision of the

measurement method is restricted only by the time resolution of the streak camera. The streak

camera (Hamamatsu Photonics K. K., Model C5680) used in our experiment has a time resolution

of 2 ps. The pulse jitter of the LD has the same influence on al1 the optical pulses propagated

through the cores and, consequently, no infiuence on the relative propagation delay between the

optical pulses. Thejitter therefore does not effectively degrade the precision of the measurement.

3.3.3 Experimentalresults

   By using the proposed method, we have measured the skew of an image fiber. The measured

image fiber is 100-m-long. It has 3 x 10` cores, and the picture diameter is 800 pm. The core

diameter and the spacing are 3.0 and 4.4 pm, respectively. The materials of cores and cladding are

silica glass. In the measurement, the image fiber was extended almost straight. Optical pulses of the

LD was 59 ps in fu11 width at half maximum (FWHM) at the wavelength of 650 nm. The cores are

of multi-mode at this wavelength.
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Fig. 3.5: Light spots imaged in a slit of a streak camera.

Fig. 3.6: Streak camera trace of optical pulses propagated through image fiber cores.
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Fig. 3.7: Time-of-flight difference around the center of the test image fiber.
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Fig. 3.8: Streak camera trace of optical pulses propagated through the cores traversing the
diameter of the image circle.
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Fig. 3.9: Time-of-flight difference over the image circle (lmage fiber was straight).

   Figure 3.5 shows the cores focused on a front-end slit, vvhich was observed by a streak camera

without sweep. Figure 3.6 shows a streak camera trace of optical pulses propagated through twenty

cores of the image fiber. The trace shows that there exists the time-of-flight difference between the

observed cores. Each pulse has a trailing tail, which may be due to both the mode dispersion and the

chromatic dispersion. The cores in the image fiber are aligned on the hexagonal close-packed thcp)

grids; therefore, the next row of the cores can be measured by vertically moving the image fiber

observing the streak camera trace. The measured data can be plotted in a 2-D map of time-of-flight

difference. Figure 3.7 shows the 2-D plot of measured time-of-flight difference at the center of the

image circle. The data show the values relative to the minimum propagation delay in the area of

interest. The skew ranges within 5 ps!m in the small area of 40 x 40 pm (about 100 cores). There
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was no significant difference depending on the position over the whole image circle.

   By changing the magnification ratio of the objective lens, a 1arger number of cores can be

measured. Figure 3.8 shows a streak camera trace of optical pulses propagated through the cores

traversing the diameter of the image circle. By scanning the output endface, a 2-D map of time-of-

flight difference all over the image circle can be plotted as shown in Fig. 3.9. The global

distribution of measured time-of-flight difference also rages within 5 pslm.

   From Figs. 3.7 and 3.9 the time-of-flight is distributed at random, and the skew ranges within 5

pslm in whole area of the image circle. With the skew of 5 pslm, the bit rate-distance product is

limited to 20 Mbps'km. One reason for this relatively 1arge skew compared to fiber ribbon's [44] is

presumably due to nonuniformity of the core parameters. The test irnage fiber was fabricated by

using some different mother-rods with different parameters. It is noted that this type of image fiber

consisting of different cores is fabricated for conventional applications such as endoscope. The

skew can be reduced by making the parameters of all the cores uniform.

3.3 .4 Discussions on the skew due to bending

   To investigate the effect of bending on the skew, the same test 100-m-long image fiber was

wound by 100 turns around a 31-cm diameter bobbin, and skew was measured. Figure 3.10 shows

the measurement result. By comparing it with Fig. 3.9, the skew is increased monotonically toward

the outer diameter by bending up to about 2 ns.
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   Here, the bending-induced skew is theoretically analyzed. Assume that an image fiber is wound

by m turns around a bobbin of radius R as shown in Fig. 3.11. The propagation delay T due to an

image fiber of length l is expressed by

           Nl

           c

where c and N are the speed of light in vacuum and the group index of the cores, respectively. The

bending of the image fiber causes strain Al in the axial direction and change of core refractive

index An ,due to photoelastic effect. The propagation delay difference AT due to Al and An is

expressed as

            Nl                    ON       AT=-Al+- An. (3.2)             c cOn

The strain Al on a core at a point ofr is

       Ai =2 7i m(R+s+ -{lt +r)-2 7z m(R+s+9) (3 .3)

          = 2 7vnr
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where D and s are the picture diameter and the thickness of thejacket and coating of the image fiber,

respectively. Next, we derive An. The core refractive index n under the photoelastic effect is

expressed as [45], [46]

       n= n,2+2n,CW+C2W2 (3.4)
where ni is the refractive index without strain, C is the lateral photoelastic constant (C = -4.19x 10-'2

m21N for silica glass), and JV is the tensile stress. When the radius of curvature is 1arger than the

minimum bending radius, ICVVIn,1 << 1 is satisfied generally (see Appendix B). Therefore, from Eq.

(3.4), the refractive index change is approximately expressed as

       An =n-n, SE CW. (3.5)
Hooke's law and Eq. (3.3) can be used to express the tensile stress Was

                  2 7anzr            Al                        E (3.6)       W=-E=            ll

where E is Young's modulus (E = 7.60 x 10iO NIm2 for silica glass). From Eqs. (3.5) and (3.6), An

ls wntten as

An=C(27mir
  l

E).

By using Eqs. (3.2), (3.3), and (3.7),

       AT= `eL (2 7crnr)+f OeN. • c(

          =27rmr(\+ C.E g". ).

ATcan be expressed as

2nlmrE)

It should be noted that the change of the propagation delay

the bobbin and the structural parameter of the image fiber

(3.7)

(3.8)

AT does not depend on the radius of

such as the picture diameter D and
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thickness ofjacket and coating s but it depends only on the number of turns of winding m. Figure

3.12 shows the theoretical values obtained from Eq. (3.8) with the experimental result. ln the figure,

each value is plotted by regarding a datum at the center of the image circle as a reference. It is noted

that the calculated values agree well with the experimental result. The maximum difference of the

propagation delay AT.,. occurs between the outermost and innermost parts, and it is expressed as

ATrnax =A11r-D12 -Adr--D12

     =2 7cmD(Y ' C,E O,". ) (3.9)

Figure 3.13 shows the theoretical values obtained from Eq. (3.9) and the experimental results of the

bending-induced skew, plotted as a function of the number of turns. In the experiment, the test 100-

m-long image fiber was wound around bobbins of different radius of R = 15.5 cm and R = 25 cm.

The theoretical values agree well with the experimental results, and the bending-induced skew

depends only on the number of turns m. The maximum difference of the propagation delay for one

turn ATi can be expressed as

ATi =2ZD({;+ CcE OoNn )•
(3.1O)
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            Fig. 3.13: Relation between number of turns and bending-induced skew.

Here, AT, is an intrinsic value for each image fiber and can be used to estimate the increase in

skew caused by bending. The increase in skew due to winding of m turns, AT.,.(m), can be

expressed as

       ATmax (M)= MXATi• (3•11)
For the test image fiber used in the measurement above, AT, =19.8[pslturn]. For example, if the

test image fiber is bent by 900, consequent increase in skew can be calculated by using Eq. (3.11) as

       ATmax (114)=tX19•8=4•95 [PS]- (3•12)

   In Eq. (3.10), al1 the values except the picture diameter D barely change if the image fiber is

made of silica glass. Therefore, Ar, is characterized mainly by the value of D. The picture

diameter D = 8oo [pm] of the test image fiber used in the measurement above is typical for

common image fibers. Therefore, we can say that AT, !)! 20[ps/turn] is also typical. When an

image fiber is used in the application of optical interconnects, it is expected that the winding can be

restricted to less than about 5 turns. With this number of turns, the bandwidth limit due to the

bending is higher than 1 Gbpslch from Eq. (3.11). However, if the image fiber is wound around a

bobbin over several tens turns for disposal of surplus length, a 1arge skew of over 1 ns occurs and



34 CHAPTER 3. IMA GE FIBER FOR 2-D PA RALLEL OPTICAL DA TA LINK

/Image fiber

    Fig. 3.14: 8-shaped bobbin for winding without increasing skew.

the bandwidth is limited to less than several hundred Mbpslch.

   One method to suppress the bending-induced skew is to twist the image fiber. When the integer

multiple of the pitch of the twist is equal to the length of bent part, the increase in skew is

completely canceled, Even if this condition is not satisfied, the increase in skew can be suppressed

to some extent. However, fixing an image fiber in a twisted condition at every bent part makes

handling difficult. It is therefore desired to realize "rwisted imagefiber" which is previously twisted

in the drawing process. Another method is to use "8-shaped bobbin" proposed in Fig. 3.14. The

surplus length of an image fiber can be disposed of without increasing skew by winding the image

fiber around the bobbin in a manner to draw an "8". By using these methods, the bandwidth limit

due to bending will be alleviated up to over several tens Gbpslch.

3.4 Conclusion

   ln this chapter, characteristics of image fibers as parallel optical data transmission media was

studied. Advantages of image fibers over the other 2-D parallel optical transmission media was

clarified by comparing the advantages and drawbacks. Furthermore, image fiber skew

characteristics, which is one of the most important parameters of parallel transmission media, was

investigated. The skew measurement results revealed the distribution of time-of-flight difference in

the image circle. To obtain high-speed transmission over 1 Gbpslch through a 100-m-long image

fiber, the parameters of all the cores have to be made uniform. Additionally, the principle of the

increase in skew due to bending was clarified. Image fiber has been optimized for direct image

transmission. Therefore, the parameters have to be re-optimized to realize low-skew image fibers

for high-throughput 2--D parallel optical interconnects.



Chapter 4

Image fiber coupler

4.1 Introduction

   One of the key devices in the image fiber based 2-D parallel optical interconnects is an image

fiber coupler which branches image fibers. image fiber couplers are needed to realize one-to-many

and/or many-to-many data links such as space-CDMA systems. lmage fibers can be branched

simply by using beam-splitters (BSs) and lenses which image one end to other ends of the image

fibers. However, the compact and reliable assembly and ease of optical alignment are required.

   in this chapter, a novel concept of the image-fiber branching and a simple constmction using

graded index (GRIN) rod lenses is proposed [19]. Characteristics of GRIN rod lenses in free-space

optical interconnects have been investigated [3], [47], [48]. The image fiber coupler consists of

GRIN rod lenses, a miniature cube BS, and V-grooves. This lens system has the focal points on the

end surfaces of the GRIN rod lenses. Therefore, optical alignment with image fibers can be

achieved simply by butt-joints on the V-•grooves. Recently, other types of image fiber couplers was

reported by Ai et al. [491, [50]. Section 2 presents the design and implementation of the image fiber

coupler. in this section, required lens parameter conditions such as numerical aperture (NA), lens

diameter, and size of BS are clarified by theoretical analysis. in Section 3, experimental

characterizations are described to clarify contrast degradation and vignetting loss characteristics.

Section 4 describes a structure of an image fiber based optical interconnect module and 2-D optical

amplifier systems using erbium-doped image fiber amplifier (EDIFA) as applications which use the

image fiber couplers not to branch image fibers.

35
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Fig. 4.1: Schematic diagram of an image-fiber branching by imaging lenses and a BS.
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 Fig. 4.2: Schematic diagram of an image fiber coupler which consists of GRIN rod lenses, cube
 BS, and V-grooves.

4.2. Design and implementation of an image fiber coupler

4.2.1 Constructionofanimagefibercoupler

   To realize one-to-many andlor many-to-many data links such as space-CDMA systems

described in Chapter 2, image fiber couplers which branch image fibers are needed. The output of

image fiber can be branched simply by using BSs and lenses which image one endface onto other

endfaces of the image fibers as schematically shown in Fig. 4.1. However, the compact and reliable

assembly and ease of optical alignment are required to achieve cost-effectiveness. Figure 4.2

schematically shows a proposed image fiber coupler using GRIN rod lenses, a miniature cube BS,
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Fig. 4.4: Parameters of an imaging lens system coupling image fiber branches.

and V-grooves [19]. The component sizes in the fabricated image fiber coupler are shown in the

inset. A photograph of a fabricated image fiber coupler connecting three branches of image fibers is

shown in Fig. 4.3. All the components are of off-the-shelf and commercially available. This

imaging lens system has the focal points on the end surfaces of the GRIN lenses. Therefore, optical

alignment with image fibers can be achieved simply by butt-joints on the V-grooves.

4.2.2 Parameterdesignofimagefibercoupler

   in this subsection, the proposed image fiber coupler is analyzed theoretically, and the required

parameter conditions such as NA, lens diameter, and size of BS are clarified. Figure 4.4

schematically shows the imaging system and parameters of each component. Here, we use GRIN

rod lenses of O.25 in pitch. O.25-pitch GRIN rod lenses are inexpensively supplied as standardized

specifications. Furthermore, focal points are on the end surfaces regardless of distance between
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GRIN rod lenses d, at which a cube BS with edge length d is sandwiched. Ray matrix of GRIN lens

of O.25 in pitch is expressed as

M-
  ol        no VJi

-n,A o
(4.1)

where no and A are on-axis refractive index and squared gradient constant, respectively. lncident

light from a core in an image fiber of input side (left side in Fig. 4.4) is collimated by the GRIN rod

lens. Radius of the beam is NAInoVZ where NA is numerical aperture of the image fiber. The

angle ofthe beam e is expressed as

tan e = -no Viiri (4.2)

where ri is radial position of the incident light. If the light is incident from outermost cores, the

angle takes the maximum value e.,. expressed as

tan e .. no VZD.

    max 2
(4.3)

This angle of the beam causes lateral shift of incident light a on the next GRIN lens (right side in

Fig. 4.4) and, consequently, vignening loss. A condition to suppress the vignetting loss at outermost

point less than 3 dB (Condition 1) can be expressed as

D<
4ni

(n, VZY d)l6.4
•NA (4.4)

where ni is the refractive index of the cube BS sandwiched between the GRIN rod lenses. If the

cube BS is small enough, the beam with some angle reflects on the surfaces of the cube BS, and it

causes ghost and flare. To prohibit the reflection by the cube BS (Condition 2), a condition

expressed below has to be satisfied.
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D<.,nv'

z(".illli"id)
(4.5)

in addition to these Conditions 1 and 2, the GRIN rod lens of input side has to have larger NA than

that of the image fiber at any incident points (Condition 3). This condition is express as

D<2 ro2 '
(n,NvAz )2

(4.6)

where ro is the radius of the GRIN rod lens. In the test image fiber coupler, GRIN rod lenses

fabricated by Nippon Sheet Glass (S20S025N063N, n, = 1.564, VI4 = O.2466 mm", r, = 1.0 mm)

were used. The edge length d of the cube BS (BK7, n, = 1.515) is 3 mm. The conditions expressed

by Eqs. (4.4), (4.5), and (4.6) for the test image fiber coupler are plotted in Fig. 4.5. The parameters

NA and D of image fibers branched by the coupler have to be in the shadowed domain to satisfy

Conditions 1, 2, and 3. lmage fibers prepared to be branched by the image fiber coupler have 10`

cores. NA and image diameter are O.2 and 1.1 mm, respectively as denoted by a cross in Fig. 4.5.

Conditions 1, 2, and 3 expressed by Eqs. (4.4), (4.5), and (4.6) can be rewritten as follows.
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(4.9)

By using the parameters NA and D of the prepared image fibers, Condition 1, 2, and 3 can be

plotted as shown in Fig. 4.6. Here, it is assumed that the cube BS is made of BK7 (ni = 1.515) and

the radius of the GRIN rod lens r, = 1.0 mm, The parameters d and no VZ of image fiber couplers

which branch the prepared image fiber have to be in the shadowed domain to satisfy Conditions 1, 2,

and 3. By using this graph of Fig. 4.6, proper type of GRIN rod lenses and size of cube BSs can be

selected. The parameters of the fabricated image fiber coupler are denoted by a cross in the figure.
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4.3 Experimentalcharacterization

4.3.1 Vignettingloss

   The fabricated image fiber coupler with the prepared image fibers was evaluated experimentally.

Expected vignetting loss at outermost points is 3 dB because the parameters of the image fibers is

just on the bound of Condition 1 in Fig. 4.5. Figure 4.7 shows measured vignetting loss. Theoretical

values are also shown by dotted lines. It is noted that the experimental result agrees well with the

theoretical values. To restrict the vignetting loss, parameter point of image fibers have to be farther

from the bound of Condition 1.

4.3.2 Contrastdegradation

   To evaluate the resolution performance, United States Air Force (USAF) test chart images

transmitted by the image fiber with and without the image fiber coupler were compared. ln Fig. 4.8,

the measured contrast is shown as a function of spatial frequency in lplmm. Some contrast

degradation was observed in spite of the high contrast of the GRIN rod lenses and the cube BS. It

should be noted that this degradation is not caused by the image fiber coupler but by image fiber

connection itself. Light from one core in the input image fiber is imaged on several cores in the next
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                Fig. 4.8: Contrast degradation due to an image fiber coupler.

image fiber. One-to-one connection between the cores is difficult to achieve. The degradation

caused by this "misalignment" is inherent to the connection of image fibers.

4.4 Applicationsofimagefibercouplers

   image fiber coupler is needed to realize image fiber based one-to-many and!or many-to-many

data links such as space-CDMA systems. However, it is usefu1 in other applications. This section

describes a novel structure of an image fiber based optical interconnect module and 2-D optical

amplifier systems using EDIFA as applications which use the image fiber couplers not to branch

image fibers.

4.4.1 Optical alignment in image fiber based 2-D parallel optical
       interconnect modules

   Schematic diagram of our proposed image fiber based 2-D parallel optical interconnect module

using an image fiber coupler is shown in Fig. 4.9 [26]. in this module, the image fiber coupler is

used for optical alignment, Since optical signals from VCSEL array and PD array can be observed

by an camera via the image fiber coupler, the optical alignment can be achieved visually. The

optical alignment is achieved as follows [26]. The VCSEL array and the lens of the transmitter are

optically aligned by directly connecting a camera to the output end of the image fiber and visually
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Fig. 4.9: Schematic diagram of an image fiber based 2-D parallel
using an image fiber coupler for optical alignment.
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monitoring the output image. After aligning the transmitter, the output end of the image fiber is

butt-jointed to a GRIN rod lens on a V-groove, because the focal points of the GRIN rod lens are on

its end surfaces. The PD array and the lens in the receiver are optically aligned by using camera to

simultaneously monitor the VCSEL and PD arrays. Optical signals that propagate through the

image fiber are reflected by the PD array and observed by the camera. By injecting a forward

current into the PD array, it operates as an array of light-emitting diodes (LEDs). Therefore, an

image that results from the superimposing of incident optical signals from the VCSEL array and

light emitted from the PD array can be viewed through the image fiber coupler by using the camera.

The PD array and the lens are so adjusted that each optical signals falls on its corresponding target.

It should be noted that the structure and alignment method are so simple that cost-effective optical

interconnection modules are possible to be realized [26]. Details of the optical alignment and

transmission experiments using the modules will be described in Chapter 6.

4.4.2 2-D optical amplifier systems using erbium-doped image fibers

   Erbium-doped image fiber amplifiers (EDIFAs) have been investigated to realize 2-D optical

amplifier systems [20]. ln this system, image fiber couplers are usefu11y applied. EDIFAs can be

used to compensate branching loss in 2-D parallel image fiber networks. Additionally, they are

applicable in image processing and 2-D optical data processing systems. Figure 4.10 schematically

shows pumping method for an EDIFA. in the pumping method, an image fiber coupler is used to

multiplex signal beam and pump beam. All the cores of the EDII7A are pumped by the pumping

method. Therefore, not only discrete optical spots but also spatially continuous images can be
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Fig. 4.1O: Pumping method using an image fiber coupler for an EDIFA.

amplified. The pump beam is launched from a 1arge core fiber which has the same diameter as that

of the EDIFA. The output end of the large core fiber is imaged on the input end of the EDIFA

through the image fiber coupler with cube wavelength 'filter. Details of the pumping method and

characteristics of fabricated test EDIFAs will be described in Chapter 5.

4.5 Conclusions

   Design, characteristics, and applications of image fiber couplers using GRIN rod lenses were

described. The proposed image fiber coupler has the features including compact and reliable

assembly and ease of optical alignment. Image fiber couplers are usefu1 not only for image-fiber

branching but for many other applications such as optical alignment of image fiber based optical

components and wavelength coupling. This investigation will help the development of future image

fiber optical systems including 2-D parallel optical interconnects.



Chapter 5

Erbium-doped image fiber amplifier
(EDIFA)

5.1 Introduction

   Some 2-D parallel optical interconnect systems that interconnect several 2-D opto-electronic

devices have been tested previously [22-23]. in these systems, branching loss is one of the most

serious problems, because the 2-D optical signals are branched repeatedly to enable data links

between many devices. Therefore, a 2-D optical amplifier is needed to compensate for this loss. The

2-D optical amplifiers can be used in the same way as conventional Er-doped fiber amplifiers

(EDFAs) in optical communication systems, and they also compensate for transmission loss.

Additionally, 2-D optical amplifiers are applicable in image-processing and 2-D optical-data-

processing systems. They will thus become key devices in future optical computing systems.

   in this chapter, a 2-D Er-doped image-fiber amplifier (EDIFA) is described [20]. Section 5.2

describes applications of 2-D optical amplifiers. The EDIFA is compared with a conventional 2-D

optical amplifier based on a semiconductor optical amplifier having a vertical-cavity surface-

emitting laser structure. Pumping methods for the EDIFA are also proposed. Section 5.3 gives the

specifications of the fabricated test EDIFAs. ln Section 5.4, the measured gain characteristics of the

test EDIFAs are presented. in Section 5.5, the measurements are compared with the characteristics

of a single-core reference Er-doped fiber pulled from the same core preform. Finally, ways to

achieve higher-gain EDIFAs are suggested.

45
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 Fig. 5.2: lmage-fiber-based 2-D parallel optical bus system with 2-D optical amplifier
 interconnecting 2-D processor arrays.

5.2 Two-dimensionalopticalamplifier

5.2.1 Applicationsoftwo-dimensionalopticalamplifiers

   lmage-fiber-based 2-D parallel optical interconnect systems have previously been investigated,

in which 2-D optical signals are multiplexed and transmitted through an image fiber, [11]. A few

other 2-D parallel optical interconnect systems using free-space optics have been also demonstrated

[23]. in these systems, branching loss is one of the most serious problems because 2-D optical

signals have to be split or tapped along data link that connects many terminals. A 2-D optical

amplifier seems to be an ideal way to compensate for this loss. Figure 5.1 schematically shows a

generic 2-D parallel optical data link with 2-D optical amplifiers. The 2-D optical signals are

amplified in parallel by the amplifiers. 2-D optical amplifiers can be used in the same way as

conventional EDFAs in optical communication systems, and they also compensate for transmission

loss. Figure 5.2 shows an example of an image-fiber-based 2-D parallel optical bus system with a 2-
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D optical amplifier interconnecting 2-D processor arrays. in addition to these network systems, 2-D

optical amplifiers are applicable in image-processing and 2-D optical-data-processing systems.

They will thus become key devices in future optical computing systems.

5.2.2 EDIFAandpumpingmethods

   Semiconductor optical amplifiers (SOAs) with a VCSEL structure would be one possible

candidate for 2-D optical amplifiers[51], [52], A VCSEL-based SOA itself has advantages

including the minimai insertion loss and the polarization insensitivity. Its high suitability for 2-D

integration is also attractive from the viewpoint of 2-D optical systems. However, SOAs have some

drawbacks, including a low output saturation power and low gain compared to fiber-based optical

amplifiers. 2-D optical signals can be amplified only on the spatially discrete points where VCSEL

based SOAs are arranged.

   Compared to VCSEL-based SOAs, our proposed 2-D EDIFAs can amplify 2-D optical signals

independently of its array size and geometric configuration. Furthermore, EDIFAs can directly

amplify 2-D optical signals of spatially continuous images. Therefore, it should also be applicable

to optical computing requiring cascade logic operation [1], and to Fourier optics, such as pattern-
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recognition-based on optical correlation in space [53]. The EDIFAs should also achieve a higher

output saturation power and gain than VCSEL based SOAs.

   Figure 5.3 schematically shows pumping methods for EDIFAs. in Fig. 5.3(a), all the EDIFA

cores are pumped. Therefore, not only discrete optical spots but also spatially continuous images

are amplified. The pump beam is launched from a large-core fiber that has the same diameter as the

EDIFA. The output end of the fiber is imaged on the input end of the EDIFA through a wavelength

filter used to multiplex signal and pump beams. However, a high number of cores requires an

extremely high pump power. When the 2-D optical signal is optical spots, the pumping method

shown in Fig. 5.3(b) can be used, where the pump beams are launched from a 2-D fiber array [39-

42]. The pump power is concentrated on the optical signal beams only. in Fig. 5.3, the pumping

methods are explained in forward pumping, However, backward and bi-directional pumping can

also be applied in the same way.

5.3 Test EDIFA and its characteristics

5.3.1 TestEDIFA

   A O.8- and a 3.0-m-long EDIFA are prepared. The doping concentrations were approximately

500 ppm for the O.8-m fiber and 1000 ppm for the 3.0-m fiber. Al was codoped in the core preform

with a O.19o concentration. The specifications are summarized in Table 5.1. The Er-dopant in the

core changes the viscosity of the preform, resulting in bubbles in the EDIFAs during the drawing

process. To avoid this problem, the viscosity of the cladding was balanced by tailoring the

concentration of fluorine, and the viscosity of the cladding was matched to that of the cores. Figures

5.4(a) and (b) show the cross-sectional view of the O.8-m-long EDIFA and the optical signals after

propagation, respectively. Some dark spots still remained due to the bubbles. To eliminate bubbles

completely requires optimizing the dopants concentrations. This will be a next subject to be studied.

                      Table 5.1: Specifications of fabricated EDIFAs

Parameter S ecification

Number of pixels
Fiber diameter
Picture diameter

Core diameter
Spacing between pixels

NA

3,OOO
630 pm
590 pm
4.5 pm
9.0 pm
O.25
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Fig. 5.4: (a) Cross section of O.8-m-long EDI]FA and (b) output signals after propagation through

the O.8-m EDIFA.
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Fig. 5.5: Experimental setup for measuring EDIFA gain characteristics.

5.3.2 Experimentalresults

   For measuring the gain characteristics of the test EDIFAs, the experimental setup shown in Fig.

5.5 was used to simplify the pumping. Signal (1.55 pm) and pump (1.48 pm) beams were launched

from a multi-mode fiber (62.51125 pm) butt-jointed on the input endface of the EDIFAs. The signal

and pump beams from the multi-mode fiber propagated through about 30 cores of the EDIFAs.

After the propagation, the beams were launched into a multi-mode fiber. The signal power was

measured with an optical spectrum analyzer.

   The measured gains for the O.8- and 3.0-m-long EDIFAs are shown in Figs. 5,6(a) and (b),

respectively. The gains were measured by changing the power of the signal and pump beams. Here,

the gain G is defined as the ratio of the output-signal power with pumping to the output-signal

power without pumping
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(5.1)

This gain is thus independent of the loss at the input end of the EDIFAs (see Appendix C). We used

this definition because the loss at the input end varies slightly depending on where the multi-mode

fiber is butt-jointed. This loss variation is caused by a variation in the number of cores, which

transmit the signal-beam, depending on the butt-joint position. Figure 5.6 also shows the theoretical

gain predictions [54]. in the calculations, the propagation loss of the signal and pump beams were

neglected because the EDIFAs were short. With this assumption, the measured gains vs. the pump

power characteristics agree with the theoretical predictions. The gains saturated at less than O.4 and

1.2 dB, respectively. We have to note that pumping efficiency was low because the EDIFA cores are

multi-moded at 1.55 and 1.48 pm.

5.3.3 Discussion

   For comparison, we also prepared a single-mode, single-core Er-doped fiber using the same

core preform as that for the 3.0-m-long EDIFA. The core diameter, the relative-index difference, the

cutoff wavelength, and the length of the reference fiber were 2.9 pm, 2.99o, 1.4 pm, and 10 m. The
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amplified spontaneous emission (ASE) spectrum of the reference fiber is shown in Fig. 5.7. The

gain peaked 1533 and 1552 nm, and the corresponding 3-dB bandwidths were 4.5 nm (574 GHz)

and 13.4 nm (1.67 THz). The gain characteristics of the reference fiber are shown in Fig. 5.8. Here,

the characteristics of the reference fiber was normally measured without using the definition Eq.

(5.1).

   The reference fiber had a gain of over 20 dB for its length of 10 m regardless of using dopants

to control the viscosity of cladding and cores. Enhancing the EDIFA gain requires optimizing the
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EDIFA parameters. The dopant concentrations used to control the viscosity need to be optimized to

eliminate bubbles completely, and longer EDIFAs need to be fabricated. Furthermore, the core

parameters have to be designed so that the EDIFAs are single-mode at 1.48 pm to increase the

pumping efficiency, Pulling an EDIFA up to 10 rn would enable a gain of over 20 dB.

5.4 Conclusion

   in this chapter, EDIFA based 2-D optical amplifiers have been demonstrated experimentally.

Pumping methods were also discussed. To achieve higher gain, the dopant concentrations used to

control the viscosity need to be optimized to eliminate bubbles and to pull longer EDIFAs.

Furthermore, the core parameters need to be designed so that the EDIFAs are single-mode at a 1.48-

pm wavelength to increase the pumping effTiciency. The proposed EDIFA will open up new

applications of image fibers to long-distance 2-D optical interconnects, including those for remote

sensing in non-human-friendly environments, such as battlefields.



Chapter 6

Experimental demonstrations of 2-D
parallel optical interconnects based on

space-CDMA

6.1 Introduction

   lmage fiber is a potential fiber-based optical interconnect medium. Some experimental

demonstrations of image-fiber based optical interconnects have been reported [4-8]. in these

demonstrations, however, image fibers were used only for point-to-point connection with one

transmitter and one receiver, and multiple access of one-to-many connection remains to be

developed. One method to realize the 2-D multiple access is to use a network switch [9]. Another is

to employ multiplexing schemes [10]. Space-CDMA studied in Chapter 2 is one important

candidate for multiplexing 2-D parallel optical signals [11], [12]. in the space-CDMA scheme, bit-

signals in 2-D parallel data are encoded using 2-D spatial orthogonal code called OOSPs, and

multiplexed. The receivers can decode only an intended parallel signal by correlating the received

pattern with the corresponding OOSP [11]. By using the space-CDMA scheme, a number of optical

2-D channels can be established simultaneously with individual clock speed, and asynchronous

transmission is possible.

   This chapter describes several experimental demonstrations of image fiber optic 2-D parallel

optical interconnects based on space-CDMA. Section 6.2 shows experiments of space-CDMA

systems in which 2-D optical signals are generated by use of Xe lamps and spatial light modulators

(SLMs) [24]. in the experiment, four channels of 64-bit (8 x 8) parallel optical signals are

multiplexed and transmitted through an image fiber. Experimental demonstrations of transmission

through a 10e-m-long image fiber [25] and decoding using prethresholding method which is

                                     53
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  Fig. 6.1: Schematic diagrams depicting (a) spatial encoding and (b) spatial decoding.

theoretically investigated in Chapter 2 are also described [12]. in Section 6.3, high-speed space-

CDMA system using 2-D VCSEIVPD arrays is described [26], [27]. ln the experiment, 512-Mbps

2-D parallel transmission using 8 x 8 VCSELIPD arrays is demonstrated. Two spatially encoded

four-bit (2 x 2) parallel optical signals are emitted from the VCSEL arrays and transmitted through

image fibers. After the multiplexingldemultiplexing operations, the two parallel signals are

individually retrieved. Bit-error-rate (BER) performance and tolerance of lateral misalignment are

given. The transmitterlreceiver structure and the optical alignment method are also described.

6.2 Space-CDMA system using SLM

6.2.1 Conceptofspace-CDMA

  in this subsection, the concept of space-CDMA, which was described in Chapter 2, is briefly

summarized. The spatial encoding process is schematically shown in Fig. 6.1(a) [11]. in this

example, two 2 Å~ 2-pixel binary input bit-planes are encoded with two 5 Å~ 5 OOSPs (weight w = 3)

into a 10 x 10 multiplexed encoded pattern. These OOSPs are mutually orthogonal, so that it is

possible to demultiplex these patterns, even if they are multiplexed with some shifts. The spatial

decoding process is schematically shown in Fig. 6.1(b). The receiver correlates the received pattern

with its own OOSP. The input bit-plane is regenerated after thresholding operation on the

correlation output.

  Each OOSP can be expressed in matrix notation as
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where the matrix elements e,(,q,•) take binary values of O or 1, and each value corresponds to each

chip pixel of the qth OOSP. The number of binary ls in the matrix is the weight w of the OOSPs.

The value M is the size of OOSPs (or M2 is called the spreading factor). The onhogonality of

OOSPs can be achieved under two constraints:

   (1) Signature patterns must be distinguishable from any space-shifted versions of themselves in

      the 2-D plane.

   (2) Any two different signature patterns in a set must be distinguishable from one another, even

      if any vertical andlor horizontal space shifts exist in the 2-D plane.

Here, the possibility of encoded-pattern rotation after transmission is ruled out. These constraints

require that autocorrelation must be much higher than the correlation side lobes, and any peaks in

the cross-correlation function must be much lower than the peak for the autocorrelation function.

These requirements can be expressed in binary discrete correlation forms as:

MM22
i=1 J'tl

e,( ,q,•)e,(+q k)

,j+i
{=W
SA  a

fork=l=O
for 1S k,l SM -1

(6.2)

and

MMZZ
i=1 jtl

el,g,)el.g,'),j., s A, for q S g',OS k, lSM -L (6.3)

Here,

[11].

A and
 a

A. are called autocorrelation constraint and crosscorrelation constraint, respectively

6.2.2 optical imp lementation and experimental setup
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space-CDMA network. MUX, multiplexer; DEMUX,

   Parallelism of optical computations is exploited for the spatial encoding and decoding. Figure

6.2 schematically shows the optical implementation of the optical space-CDMA network. The

transmitter consists of an optical spatial encoder. The receiver consists of an optical spatial decoder

and a thresholding device. An image fiber is used as the transmission medium which has a large

number of cores in a common cladding. The encoder and decoder consist of SLMs.

   In the encoder, an input bit plane and OOSP are addressed electrically on the SLM1 and SLM2,

respectively. By reading out SLMI and SLM2 in order with the light beam, the encoding for all bits

is optically done in parallel. The SLMIs can be replaced by VCSEL arrays easily to increase the

system throughput. The encoded patterns are superimposed by MUX, and the multiplexed bit plane

is launched into an image fiber and transmitted in parallel. At the receiver side, the multiplexed bit

plane is broadcast to every decoder by DEMUX. In Fig. 6.2, there is only one decoder. The decoder

performs in parallel the correlations of all bits of the received one and its own OOSP addressed on

the SLM3. After performing the surface-integral and thresholding, the intended input bit plane is

regenerated.

   The experimental setup is based upon the optical implementation shown in Fig. 6.2. The optical
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Fig. 6.3: Schematic diagrams of (a) an optical spatial encoder module and (b) an optical decoder

module.

spatial encoders and decoders were fu11y modularized to improve the performance. The encoder

module is schematically shown in Fig. 6.3(a). in this module, commercial twisted-nematic liquid-

crystal (LC) SLMs are used. The bit plane to be transmitted and the OOSP are displayed in 20 x 20

mm squares on SLMI and SLM2, respectively. The collimated beam from the Xe lamp which has

an intensity of 10 mWlcm2 is intensity-modulated by passing through the SLMs. The average value

of the contrast ratio between ON and OFF was measured to be approximately 50:1. The bit plane on

SLMI is imaged to OOSP on SLM2. A telescopic lens system was employed to suppress vignetting

loss in off-center areas. The encoded parallel optical signals are multiplexed, demagnified, and

imaged on the input end of an image fiber, The decoder module is shown in Fig. 6.3(b). The

magnified signal from output end of the image fiber is imaged onto SLM3, and the correlation with

the OOSP addressed on SLM3 is carried out. The correlated output from SLM3 is demagnified and

imaged on a CCD device and the image data are loaded into video memory in a desktop computer.

The surface-integral and thresholding operations are performed on this video memory at the video

rate (30 framels). All the modules and the magnifierldemagnifier lens systems were packaged in

cylinders, and, consequently, stray light was shut out. The aberration was small enough because the

lens systems were specially designed for the system. The four encoder modules are used as shown

in Fig, 6.4.

   Silica-based test image fibers were fabricated. The fabrication process is as follows. A preform
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Fig. 6.4: Optical spatial encoder modules.

Table 6.1: Specifications of the

transmlsslon experrment

test image fiber for four- channel, 8 x 8 bit, 2-D parallel

Parameter S ecification

Length
Number of pixels
Fiber diameter

Picture diameter

Minimum bending radius
Numerical aperture
Spacing between pixels

Core diameter
Core material

Cladding material

9m
30,OOO
850 pm
790 pm
80 mm
O.4

4.4 pm
2.6 pm
Ge02-Si02
F-Si02

rod has a number of core fiber rods that are aligned in a silica tube. The preform is heated and

drawn into an image fiber. This fabrication method is more suitable for manufacturing long image

fibers compared with that of the conventional multi-component image fibers. several image fibers

up to 100-m in lengths have been fabricated.

6.2.3 Four-channel, 8 Å~ 8 bit, 2-D p arallel transmission ex    .penment

   This subsection shows experimental demonstration of four-channel multiplexing of 64-bit (8 x

8) 2-D paralel transmission based on space-CDMA. A 9-m-long image fiber was used in this

experiment. ln Table 6.1, the specifications of the test image fiber are summarized. It has 3 x 10`

cores. The measured contrast value was larger than O.4 for spatial frequency of less than 40 lplmm.



6.2. SPACE-CDMASYSTEMUSINGSLM 59

Bit plane 1
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Bit plane 2 Bit plane 3

     OOSP2 OOSP3
Fig. 6.5: Prepared bit planes and OOSPs.

Bit plane 4

OOSP4

Fig. 6.6: Bit plane 4 before the encoding process.

Four 8 x 8 bit-planes and the 8 x 8 OOSPs used in the experiment are shown in Fig. 6.5. in these

bit-planes, only Bit plane 4 is transmitted at the video-rate in which the character "A" moves

upward as shown in Fig. 6.6. Each pixel of these Bit planes 1, 2, 3, and 4 is encoded by OOSPs 1, 2,

3, and 4, respectively. The multiplexed and transmitted image is shown in Fig. 6.7. It should be

noted that these four bit planes are multiplexed with some venical and horizontal shifts of 10 to 30

pm. It was experimentally confirmed that this misalignment does not affect receivers in decoding

process even if the spatial shifts are 1arger because of the orthogonality of OOSPs.

   Each receiver can recover the intended bit plane by correlating the received signal with the

OOSP counterpart, followed by the thresholding process to cut off interference noise. The images

decoded with OOSPs 1, 2, 3, and 4 are shown in Figs. 6.8(a), (b), (c), and (d), respectively. For

example, Table 6.2 shows the values of the decoded Bit plane 2 without the normalization described

below. The values in boldface correspond to 1, and the values in lightface represent O. Each value of
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Fig. 6.7: Encoded and multiplexed bit planes after propagation through an image fiber.

(a)

(c)

(b)

(d)

Fig. 6.8: lmage after the correlation process with (a) OOSP 1,

OOSP 4.
fo) OOSP 2, (c) OOSP 3, and (d)

Table 6.2: Bit plane 2 decoded with OOSP 2 without normalizationa

Two-dimensional intensit distribution on Bit lane 2

O.12 O.17 O.28 O.33
O.11 O.22 O.34 O.43
O.23 O.40 O.64 O.76
O.17 O.36 O.63 O.83
O.28 O.46 O.81 1.00
O.16 O.31 O.50 O.68
O.19 O.32 O.50 O.57
O.07 O.14 O.21 O.27

O.33 O.21
O.37 O.26
O.74 O.50
O.72 O.45
O.93 O.60
O.59 O.39
O.58 O.41
024 O.18

O.16
O.11

O.29
O.19

O.34
O.18

O.25

O.09

O.07
O.50
O.12

O.09

O.15
O.10
O.12

O.06

aThe entries in boldface correspond to values for 1; the entries in lightface correspond to values for O.
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these bit planes is obtained by the surface integral of the pixel values. The minimum value of 1

must be 1arger than the maximum value of O to be properly decoded by thresholding. However, the

minimum value of 1 which is O.07 is not larger than the maximum value of O which is O.83 in Table

6.2. Any thresholding level can not be set without errors. The intensity distribution of the pixels O

and 1 are shown in a histogram of Fig. 6.9(a). From this figure, it is also clear that it is impossible to

distinguish the pixels 1 from O.

   The error will be presumably due to the 2-D nonuniformity of transmission characteristics. A

uniform plain pattern (all pixels are 1) is encoded by OOSP 2 and transmitted. The pattern and its

intensity distribution after the transmission through the image fiber are shown in Figs. 6.10(a) and

(b), respectively. While the 2-D intensity distribution before the transmission is flat enough, that
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    Table 6.3: Bit plane 2 decoded with OOSP 2 with normalizationa

Two-dimensionalintensit distributiononBit lane2
1.00 O.65 O.79 O.65
O.21 O.34 O.27 O.26
O.82 O.68 O.71 O,58
O.28 O.25 O.15 024
O.93 O.68 O.77 O.66
O.32 O.33 O.18 O.26
O.93 O.63 O.67 O.56
O.26 O.20 O.15 O.22

O.71 O.59 O.83 O.59
O.23 O.30 O.20 O.20
O.64 O.61 O.79 O.59
O.18 O.26 O.23 O.30
O.74 O.65 O.81 O.69
O.20 O.25 O.22 O.39
O.70 O.59 O.81 O.74
O.12 O.22 O.18 O.39

aThe entries in boldface correspond to values for 1; the entries in lightface correspond to values for O.

after the transmission decreases toward the ofli-center area. This is due to the transfer function of the

image fiber and the objective lenses at both ends of the image fiber.

   To compensate the nonuniformity of the intensity, a normalization was made in which the pixel

values of the correlated output in the decoder was normalized by the values of the plain pattern so

that the nonuniformity of the intensity of the overall system was canceled. When Bit plane 2 was

decoded, for example, the values of the intensity distribution in Fig. 6.10(b) were used for the

compensation. The computation was made by the desktop computer in this experiment, however,

this can be implemented in a parallel manner by using a thresholding processor array, in which each

processor has an individual thresholding level and operates in parallel. Simple optical

implementation of the compensation is also possible by puuing a filter after the SLM3, which is

more transparent at the off-center area according to the two dimensional curve in Fig. 6.10(b). Table

6.3 shows the result with the normalization. The histogram of the intensity distribution is shown in

Fig. 6.9(b). From this figure, it is apparent that the error-free transmission can be achieved by

setting the thresholding level to O.4.

6.2.4 100-long transmission experiment

   This subsection describes experimental demonstration of a record distance (100 m) image fiber

transmission of four-channel multiplexed 2-D signals. The distance is a giant leap from previous

experiments with several m-long image fibers and facilitates the application to future 2-D optical

interconnects. A test 100-m-long image fiber was prepared for this experiment. This image fiber has

3 x 10` cores, and picture diameter is 800 pm. The core diameter and the spacing between the cores

are 3.0 pm and 4.4 pm, respectively. Four 2Å~ 2 bit planes and the 8 x 8 OOSPs used in the

experiment are shown in Fig. 6.11. Bit pianes 1, 2, 3, and 4 are encoded by OOSPs 1, 2, 3, and 4,

respectively, as shown in Fig. 6.11. The multiplexed bit plane after 100-m-long propagation is

shown in Fig, 6.12. The receiver recovered the intended bit plane by correlating the received signal
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Fig. 6.11: Prepared bit planes and OOSPs for 100-m-long transmission experiment.

Fig. 6.12: Encoded and multiplexed bit planes after propagation through image fiber.

(a) (b)

(d)

Fig. 6,13: lmages after correlation process with OOSPs. (a) Correlated with
Correlated with OOSP 2. (c) Correlated with OOSP 3. (d) Correlated with OOSP 4.

OOSP 1. (b)
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Table 6.4: Specifications of the test image fiber for prethresholding experiment

Parameter S ecification

Length
Number of pixels
Fiber diameter
Picture diameter

Minimum bending radius
Numerical aperture
Spacing between pixels
Core diameter
Core material
Cladding materiai

2.6m
100,OOO
3200 pm
3000 pm
500 mm
O.2

9pm
6.8 pm
Ge02-Si02
F-Si02

with the OOSP counterpart, followed by the thresholding process to cut off the interference noise.

The images correlated with OOSPs 1, 2, 3, and 4 are shown in Figs. 6.13(a), (b), (c), and (d),

respectively. Each value of bit planes was obtained by the surface integral of the pixel values as

shown in Fig. 6.14. The shaded values correspond to the value 1. All the bit planes were correctly

recovered by setting the threshold between 266 and 288.

6.2.5 Experiment of prethresholding method

   The efficiency of the prethresholding method, which was theoretically investigated in Section

2.5, was experimentally verified, The experimental setup was based on the optical implementation

shown in Fig. 6.2. A 2.6-m-long image fiber which has 105 cores was used in this experiment. The

specifications of the image fiber are summarized in Table 6.4. Four input Bit planes 1 to 4 in Fig.

6.15 were encoded with the four OOSPs 1 to 4 in Fig 2.2(a), respectively. The multiplexed encoded

bit plane after propagation through an image fiber is shown in Fig. 6.16. In this experiment, the
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Fig. 6.15: Bit planes to be multiplexed.

Fig. 6.16: Encoded and multiplexed bit planes after propagation through and image fiber.
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Fig. 6.17: (a) Correlation output with OOSP 1
(c) Prethresholded result.
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prepared multiplexed pattern was displayed on one encoder because of the lack of four encoders.

The decoded output correlated with OOSP 1 and its normalized intensity distribution are shown in

Figs. 6.17(a) and (b), respectively. in Fig. 6.17(b), each pixel in 4 x 4 matrix has three bright spots

which correspond to the three chip pixels in a OOSP 1 shown in Fig. 6.17(a). The shaded values
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correspond to a level of intensity of O, and the others correspond to other intensity levels (1-4),

Figure 6.17(c) is the result of the prethresholding that can be achieved when the prethresholding

level Th' is set to O.036 < Th' < O.094. It is clear from Fig. 6.17(c), that the input bit plane can be

regenerated correctly when the thresholding level is set to 1 < Th < 3.

6.2.6 Discussions

   One of the most important factors which decide the system performance is the spatial resolution

of the system. The length of parallel data format in a channel, that is, the size of bit planes and the

size of OOSPs are restricted by the resolution. Additionally, as the size of OOSP is increased, the

number of OOSPs can be increased. The spatial resolution of the system is especially decided by

the resolution of image fibers. The image fiber used in the experiment of Subsection 6.2.3 has a

picture diameter ofD = O.79 mm. The diarneter can be increased to as large as 3 mm. However, the

minimum bending radius also increases to about O.5 m and the yield degrades because of an

increase in the number of broken pixels in a 1arge image circle at the same time. The picture

diameter is limited by physical constraints due to the minimum bending radius and the yield. When

image fibers are used for parallel transmission, generally the 2-D signal patterns are arranged so as

to be inscribed in the image circle. if the picture diameter increases to 3 mm, a diameter 3.8 (310.79)

times as 1arge as the current image fiber is achievable.

   Taking into account the fact that the parallel data format in latest central processing units is 32

bit or 64 bit, the data format of 64 bit (8 x 8) in this experiment is enough for interconnecting

processors and other devices. If the same 8 x 8 data format is used with the image fiber described

above, OOSPs as large as (30 x 30) are available. The possible number of OOSPs N for A. = 1 is

bounded by [11]

            M2-1                  • (6.4)       Ng           w(w - 1)

For example, ifM = 30 and w = 12, we can construct only less than six OOSPs.

   2-D CDMA has many simi1ar characteristics to those of conventional time--domain CDMA [32]-

[35]. The OOSPs in 2-D CDMA can also be regarded as an extension of the code which is used in

the time-domain CDMA, or so-called optical onhogonal codes (OOCs) [36]. In the early stage of

the study, OOCs were investigated with the autocorrelation constraint A. =1 [37]. It has been

reported, however, that the number of OOCs can be increased by relaxing the autocorrelation

constraint to A. >1 [55]. Actually, we used the OOSPs with A. =4 to construct enough OOSPs
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in this experiment. Recently, an upper bound for the OOSPs with A. > 1 was reported by Yang and

Kwong [38]. According to their paper, the number of OOSPs is bounded by

           (M2'lha

                     . (6.5)       NS             w(w - 1)

A. has to be, however, smaller than or equal to w. Figure 6.18 shows the comparison of the two

upper bounds Eqs. (6.4) and (6.5) versus the size of OOSPs for different values of the weight w.

This figure shows that much more OOSPs can be constructed by relaxing the autocorrelation

constraint A. to be larger than unity. To increase the transmission capacity of the space-CDMA

system, improving the design of OOSPs is as important as improving the spatial resolution of the

system.

   in the experiments in this section, slow LC-type SLMs and Xe lamps for addressing the data bit

planes and a CCD as a detector was used. These slow devices can, however, be replaced by 2-D

VCSEL arrays and PD arrays. The proposed normalization described above can be achieved by

seuing the thresholding level properly in the processor arrays following the PD arrays. in the

experiment above, the bit-plains were displayed in 20 x 20 mm squares on SLMs and had to be

demagnified to be launched into the image fibers. The large vignetting loss shown in Fig. 6.10 was

caused mainly by the demagnification. However, we can decrease this vignetting loss by using

VCSEL arrays because the pitch size of VCSEL array is as small as 250 pm. if 1arger matrix size of

VCSEL/PD arrays can be used, all SLMs and some imaging lenses can be removed by displaying

OOSPs on VCSEL arrays directly, and, consequently, more simplified and cost-effective system
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implementation can be achieved. However, we have to use some imaging lenses at both ends of the

image fiber. ln general, imaging lens system is hard to be miniaturized. One possibility is to

introduce micro-optics using graded index (GRIN) rod lenses. Another important candidate is to use

fiber optic plate (FOP) taper, which was proposed by Li et al [56]. in case of using this FOP taper,

the vignetting loss does not occur and normalization in decoding process will not be needed. This

construction using VCSELIPD arrays will allow us to transmit at a frame rate at least up to several

hundred mega-frames per second and even more. This high-speed space-CDMA system using 2-D

VCSELIPD arrays will be described in next section.

6.3 High-speed space-CDMA system using 2
arrays

-D VCSEL/PD

6.3.1 Opticalimplementation

  Figure 6.19 shows schematically space-CDMA system implementation by use of 2-D

VCSEIVPD arrays. A transmitter consists ofa 2-D VCSEL array and a SLM. in the transmitter, an

OOSP is addressed electrically on the SLM. Reading out the SLM with 2-D optical data from the

VCSEL array allows the optical encoding in parallel. The encoded optical signals are transmitted by

an image fiber in parallel and multiplexed by an image-fiber coupler [19]. A receiver consists of a

SLM, a 2-D PD array , and a thresholding circuit array. The correlations of the received multipexed

optical signals and an OOSP is performed on a SLM, and the correlated optical signals are detected
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by the PD array. The intended parallel data are regenerated after a thresholding operation on the

correlation output.

   Space-CDMA system can also be implemented by more simplified and cost-effective

construction. in such a way, that encoded parallel signals are generated by electronic encoders and

displayed directly on VCSEL arrays. Encoded and multiplexed optical signals are directly detected

by PD arrays, and both correlation and thresholding processes are performed electronically. The

electronic encoders and decoders can simply be consrmcted by fan-inlfan-out circuits and switches

which pick out the lines of chip pixels of addressed OOSPs. This implementation needs 1arge matrix

size of 2-D VCSELIPD arrays, which is decided by the product of the array size of 2-D data and

OOSPs. However, supposing that we can use processor array chips [1], the electronic

encoderldecoder do not resuict the throughput of the system because of the simple construction. in

the experiment of this section, this simple implementation is employed.

6.3.2 Transmitter/receivermodulesanditsperformance

   in this section, transmitter and receiver rnodules and its perfomance is described. The setup of

the modules in a construction of 1-to-1 optical link is shown in schematic form in Fig. 6.20.

Specifications of each component are as follows. The elements of the 8 x 8 VCSEL array have an

850-nm wavelength and are arranged at a pitch of 250 pm [57]. Each detector in the 8 x 8 PD array

has a of 58 pm diameter and the detectors are arranged at a pitch of 250 pm. Number of cores,

picture diameter, and spacing between ceres for the image fiber are 5 x 10`, 1020 pm, and 4.4 ptm,

respectively. Length of the image fiber is 1 m. Magnification ratio of the imaging lenses is O.3. The

lens system consisting of three GRIN rod lenses and a beam splitter (BS) is used for optical

alignment, which has the same construction as an image fiber coupler described in Chapter 4. Since

PPG

Transmitter

2Opm
x
Lens

 Image fiber

   /Beam splitter

Receiver

 8 Å~ 8 2-D VCSEL array

Fig. 6.20:

VCSEUPD arrays.

Lens

BER
counter

GRIN rod lens

x Camera 8 Å~ 8 2-D PD array

Experimental setup of 2-D parallel optical interconnect using an image fiber and 2-D
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 Fig. 6.21 : Diagram of imaging system which consists of GRIN rod lenses and a BS.
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Fig. 6.22: Assembly of GRIN rod lenses, a cube BS, and an image fiber in the receiver.
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      Fig. 6.23: Photograph showing the lens system in the receiver with an image fiber.

optical signals and the PD array can be observed by camera via the BS, optical alignment can be

achieved visually. Figure 6,21 is a schematic diagram of the lens system. The size of each

component is also shown in the figure. The focal points of the lens system are on the end surfaces
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(a) (b)

Fig. 6.24: Process of visually aligning VCSEL and PD arrays. Before (a) and after (b) optical
alignment.

of the GRIN rod lenses. The lenses, beam splitter, and the receiver end of the image fiber are

passively fixed on V-grooves as shown in Fig. 6.22. The image fiber is inserted in a sleeve so that

its optical axis can be aligned with that of the GRIN rod lenses. The BS is sandwiched between the

GRIN rod lenses. A photograph of the lens system in the receiver is shown in Fig. 6.23.

   Optical alignment is achieved as follows. The VCSEL array and the lens of the transmitter are

optically aligned by directly connecting a camera to the output end of the image fiber and visually

monitoring the output image. After aligning the transmitter, the output end of the image fiber is

butt-jointed to a GRIN rod lens on a V-groove, because the focal points of the GRIN rod lens are on

its end surfaces. The PD array and the lens in the receiver are optically aligned by using camera to

simultaneously monitor the VCSEL and PD arrays. Optical signals that propagate through the

image fiber are reflected by the PD array and observed by the camera. By injecting a forward

current into the PD array, it operates as an array of LEDs. Therefore, an image that results from the

superimposing of incident optical signals from the VCSEL array and light emitted from the PD

array can be viewed through the BS by using the camera. The PD array and the lens are so adjusted

that each optical signals falls on its corresponding target, as shown in Fig. 6.24. We confirmed that

each component was aligned at its optimum position by using the method of alignment described

above. It should be noted that the structure and alignment method are so simple that cost-effective

optical interconnection modules are possible to be realized.

   To evaluate the performance of the modules, transmission experiments was made without

multiplexing using space-CDMA. In the experiment, only four (2 x 2) neighboring channels were

modulated for simplicity in the evaluation of crosstalk between neighboring channels. Figure 6.25

shows the intensity profile for two neighboring optical signals on the output end-surface of the

image fiber. The spacing between the optical signals in the image fiber was 75 pm because the



72 CHAPTER 6. EXPERIMENTAL DEMONSTRATIONS OF 2-D PAR,tlLLEL OPTICAL
                  INTERCONNECTS BASED ON SPACE-CDMA

1

O.8

b'a o.6
g

:.

  0.4

02

                      o
                       -100 -50 O 50
                                   Space [ u m]
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Fig. 6.26: BER performance against spatial shifts in the position of the PD array for transmission

with and without interference.

optical signals from the VCSEL array of 250 pm in pitch was imaged with the magnification ratio

of O.3 on the input end of the image fiber. Crosstalk from an adjacent channel was at -34 dB, and

this was measured by monitoring the output current of neighboring PDs. We used a nonreturn-to-

zero (NRZ) 29-1 pseudorandom binary sequence (PRBS) 15 Mbls signal to modulate one of the

VCSELs and modulated the other three VCSELs by using the inverse of the signal. The BER was

less than 10-9 when the average output power of each VCSEL was 1 mW.

   Next, we shifted the PD array from its optimum position, in the direction of the line between



6.3. HIGH-SPEEDSPACE-CDMASYSTEMUSING2-DVCSEUPDARRAYS73

(a) (b)

   -' l..,.. .t-,.a.,.

  • I•;L.,

::: s,r.t•...

I':,:I:i:r'i".

"f ;i/til''

 v.

,.:1:,-.

,"L.•

- tt

 ' 'I lli,•II •-:s,,',i,r•••

            )4t q -- -.             - -s.           ''''l'tt"""!'t,K• v'}•-•--

              --            /e--tt- /} I-;"v i;:: '/
     ' ' ':illtÅ}"

} -- :d: ''''.'itvbV:ilr:ilLh:.::./;. t/:"..,,:..:....

- Ilt- -- -it -  --1   - ". - -- idi-/ 4- -

  ': i' ':,:' 1, '• '.'S:•t' . .,

   i••lt`i'iij1• /ji ,f• :,r•:",:- ,•. ;

    --'' 1,it,ik,ili'il/i-l.l•.i..

 -- Hr--.
   /
  1/   --

'';  .,l,.."i ]i:,.,,,i.tg:,":;.,,l]ilr ij': l/ ,:,.,`,,, •.'..... .

--,. d, f.d,:"' 'l,e• 1  --   -- ,t4 ----- -[4-- 1
    q: i-: ,II- -44- ts"1 - 1 -

    ts,' '' '    ---d- t ;- d - /---l   ''Ili[i:l':llli'•2iS.W,.•-,•,i

    iL'- -4 -          N' s.':

::'
i':"''

 ,!,-..

i '';':d':'" '

";'/i:i' ' i' ' }' '' '':' "" -- ?:ti S-S -i/d-

Fig. 6.27: Eye patterns when a serial data stream was transmitted without encoderldecoder. ((a)
100 Mbpslch, PRBS 2"-1 and (b) 1 Gbpslch, PRBS 223-1)

neighboring PDs. The measured result is shown in Fig. 6.26. The BER when only a single VCSEL

was modulated (al1 other channels were OFF) is also plotted for reference. From the result,

tolerance to misalignment for a BER of 10'9 was 85 pm. Larger tolerance can be made possible by

defocusing the optical spots on the PD arTay and thus sacrificing coupling efficiency. It should be

noted that no significant difference between the BERs for single channel and four-channel

transmission was observed. Crosstalk from adjacent channels is thus sufficiently suppressed for

effective parallel transmission.

   Transmission experiment up to 1 Gbps!ch was also performed. Eye patterns of 100-IN/fopslch

(PRBS 2"-1) and 1-Gbpslch (PRBS 223-1) data streams obtained after the transmission through the

image fiber by using only one pixel of the VCSELIPD arrays are shown in Figs. 6.27(a) and (b),

respectively. The transmitter and receiver modules showed error-free transmission at a speed of up

to 1 Gbpslch (BER < 10'9).

6.3.3 Experimentalsetup

   The experimenta1 setup of space-CDMA system is shown in Fig. 6.28. A couple of four-bit

(2x2) parallel signals are generated by a pulse pattern generator (PPG) and a fan-out circuit. Each

signal channel is encoded by a spatial encoder on which OOSPs are addressed. We used OOSPs

with a code size of 4 Å~ 4. Therefore, the total number of chip pixels is 64 (8 x 8). The 8 x 8 VCSEL

arrays mounted on transmitter modules 1 and 2 are driven by the chip signals from the encoders.

The length of each image fiber is 1 m.

   The encoded optical signal patterns from the VCSEL arTays are transmitted through the image

fibers. The optical signals from the output ends of the image fibers are multiplexed by an image
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 Fig. 6.28: Experimental setup of space-CDMA system using image fibers and VCSEIVPD arrays.

Fig. 6.29: A photograph showing two transmitters and a receiver with VCSELIPD arrays for
space-CDMA experiment.

fiber coupler which was described in Chapter 4. The multiplexed optical signals are detected by the

8 x 8 PD array. The decoder correlates, in parallel, all bits of the received signals and addressed

OOSPs. After the correlation and thresholding operation in the decoder, the intended 2 x 2 signals

are retrieved. Figure 6.29 shows a photograph of the two transmitters and the receiver connected by

the image fibers.

6.3.4 Experimentalresults

  The transmitter and receiver modules showed error-free transmission at a speed of up to 1

Gbpslch as described above, However, the bandwidth of the prepared encoders and decoder was

several tens of Mbps. Therefore, we performed space-CDMA transmission at a speed of 64
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Fig. 6.30: Prepared OOSPs with code size of 4 x 4.
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Fig. 6.32: Observed eye pattern of Ch-1 of transmitter #1.

Mbpslch. Figure 6.30 shows the prepared OOSPs which are mutually orthogonal [11]. The code

size and code weight are 4 x 4 and 2, respectively. Figures 6.31(a) and (b) show optical signals

encoded by OOSP 1 and OOSP 2 after propagation through the image fibers. Each optical spot

corresponds to a chip pixel of the OOSPs. The optical signals multiplexed by an image fiber coupler

are shown in Fig. 6.31(c). The spot diameter was about 20 pm.

   The data signal for one channel was NRZ 2"-1 PRBS 64 Mbps and its inverted data were used

for the other seven channels to observe the crosstalk effect. The eye pattern of an output signal of

the decoder is shown in Fig. 6.32. The BER was less than 10'9 when the average output power of

each VCSEL was O.4 mW. Any influence of the crosstalk on the BER performance was not

observed.
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Fig. 6.33: BER performance versus lateral misalignment of PD array.

   Next, we offset the PD array from its optimum position in the direction of the line linking

neighboring PDs. The BER of eight channels (4 bits x 2 transmitters) versus this lateral

misalignment of the PD array is shown in Fig. 6.33. The misalignment tolerance for a BER of 10'9

was 25 pm, which is 1arge enough for the practical fabrication of interconnection modules.

6.4 Conclusion

   In this chapter, several experimental demonstrations of image fiber optic 2-D parallel optical

interconnects based on space-CDMA was described. Section 6.2 showed experiments of space-

CDMA systems in which 2-D optical signals were generated by use of Xe lamps and SLMs. in the

experiment, four channels of 64-bit (8 x 8) parallel optical signals were multiplexed and transmitted

through an image fiber. Experimental demonstrations of transmission through a 100-m-long image

fiber and decoding using prethresholding method were also described. in Section 6.3, high-speed

space-CDMA system using 2-D VCSELIPD arrays was described, In the experiment, 512-Mbps 2-

D parallel transmission using 8 x 8 VCSEUPD arrays was demonstrated. Two spatially encoded

four-bit (2 Å~ 2) parallel optical signals were emitted from the VCSEL arrays and transmitted

through image fibers. After the multiplexingtdemultiplexing operations, the two parallel signals are

individually retrieved.

   in the experiment using VCSELIPD arrays, the total throughput was 512 Mbps (64 Mbpslch x 8



ch). The transmission speed per channel was 64 Mbpslch, which was limited only by the processing

speed of electronic circuits of the encoders and decoder. However, the data bit rate can be further

increased by employing high-speed logic circuits such as emitter-coupled logic (ECL). Furthermore,

the number of parallel channels can be increased by using VCSELIPD arrays with a 1arger array

size. This improvement should increase the throughput to more than several tens of Gbps. The

transmission distance in our experiment was limited by the length of the prepared image fibers.

However, by using longer image fibers with improved crosstalk characteristics, we can achieve

transmission distance of over 1oo m [25].
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Chapter 7

Conclusions

   This thesis has investigated image fiber optic 2-D parallel optical interconnects based on space-

CDMA.
   in Chapter 1, the background of this thesis has been reviewed, and the outline of the thesis has

been provided.

   in Chapter 2, the interference noise of 2-D onhogonal code, namely, OOSPs which is used in

space-CDMA scheme has been theoretically evaluated. Probability density function of the

interference noise has been derived. Multiplexing characteristics of the space-CDMA system have

been investigated from a aspect of bet errors caused by the interference noise. BER performance has

been calculated in terms of the decision threshold, the code length, the code weight, and the number

of users.

   ln Chapter 3, the transmission characteristics of image fibers has been investigated. At frrst, 2-D

parallel optical transmission media including image fibers, 2-D fiber arrays, and lens systems were

compared, and the advantages and drawbacks were studied. lmage fiber skew characteristics has

also been investigated. The time-of--flight difference between individual cores over the whole area

of an image circle has been measured for the frrst time using a novel skew measurement method. It

has also been shown that the skew of an image fiber increases by bending. The theoretical and

experimental analysis have revealed that the bending-induced skew depends neither on the radius of

curvature nor the shape of the curve but it depends only on the number of turns it is wound.

   in Chapter 4, image--fiber branching device, namely, image fiber coupler has been proposed.

This image fiber coupler has several features including compact and reliable assembly and ease of

optical alignment. The image fiber coupler has been developed using GRIN rod lenses, a miniature

cube BS, and V-grooves. Required lens parameter conditions such as NA, lens diameter, and size of

BS have been clarified by theoretical analysis. Vignetting loss and contrast degradation

characteristics has been experimentally investigated.
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   in Chapter 5, EDllFA-based 2-D optical amplifier and its pumping method have been proposed.

Test EDIFAs were fabricated, and its gain characteristics were measured. The gain of a 3.0-m-long

test EDIFA saturated at less than 1.2 dB. However, a reference single-mode, single-core fiber which

had pulled from the same core preform as that for the EDIFA had a gain of over 20 dB. To achieve

higher gain of EDIFA, it has been pointed out that: (i) dopant concentrations used to control

viscosity need to be optimized to eliminate bubbles and to pull longer EDIFAs; and (ii) core

parameters need to be designed so that the EDIFAs are single-mode at a 1.48 pm wavelength to

increase pumping efflciency.

   In Chapter 6, several experimental demonstrations of image fiber optic 2-D parallel optical

interconnects based on space-CDMA have been presented. Four channels of 64-bit (8 Å~ 8) parallel

optical signals were multiplexed and transmitted through an 9-m-long image fiber using a

experimental space-CDMA system in which Xe lamps and SLMs were used to generate 2-D optical

signals. Transmission experiment through a 100-m-long image fiber has also been demonstrated, in

which four-channel-multiplexed 4-bit (2 x 2) parallel signals have been transmitted. To achieve

higher-speed transmission, a space-CDMA system using 2-D VCSELIPD arrays has been

constmcted. Using the system, 512-Mbps 2-D parallel transmission has been demonstrated. Two

spatially encoded four-bit (2 x 2) parallel optical signals have been emitted from the VCSEL arrays

and transmitted through image fibers.

   The interconnect systems considered in this thesis provide asynchronous multiple-access data

links of 2-D optical signals for inter-chip to inter-cabinet interconnections and 2-D processor arrays

systems. Space-CDMA allows 2-D optical signals to be transmitted and accessed simultaneously

with no waiting time in an asynchronous manner. Image fiber has been used as a direct-image

transmission medium conventionally. However, the investigations through this thesis indicated its

usability as a 2-D optical data transmission medium. The theoretical evaluations and experimental

demonstrations have revealed its performance to transmit 2-D optical signals at the transmission

speed of 1 Gbps!ch, The transmission speed in the demonstrations was limited by electronic circuits.

in the experimental demonstrations, 8 Å~ 8 (64-bit) VCSEL/PD arrays were used. However, image

fiber itself can accommodate over 103 optical channels because 5 x 10`-cores image fiber used in

the experiments uses only 2 9o cores if one optical channel is transmitted by one core. The other

98 91o cores are used to suppress crosstalk. Therefore, a total throughput of 1 Tbps will be possible

using VCSEL/PD arrays with 1arger matrix size and higher speed electronic circuits.

   Through this research, I have clarified the validity of the image fiber-optic 2-D parallel optical

interconnects based on space-CDMA. I hope that this research will make great contributions toward

the future high-throughput 2-D parallel interconnect systems.
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Appendix A

Derivation of Eq. (2.15)

   in this Appendix, the upper bound for the interference signal I, in prethresholding scheme is

derived. As shown in Fig. 2.7(c), the interference signal on the frrst user Ii takes on integer value O

to w. We can express these interfering chip pixel position aspl,p2, . . . ,pw. When Ii = O ipi = O for

all i ), the probability Pr(I, = O) can be expressed as

Pr(i, = o)=.c,(i - 2wM2, )"-i
(A.1)

When Ii

=O for

= 1, there are .Ci ways of interfering chip position. If the position of hit is at pl (p,1 ==

2S i -< w), the probability of the hit Pr(P1 = 1) can be expressed as

1, ,pi

Pr(pl - 1) - 1 - q."-' , (A.2)

where q, is the probability that one OOSP

wntten as

does not overlap a specific chip position. This can be

        wq. =i- 2M2' (A.3)

The probability that there is no overlap on the other chip positions, i.e., Pr(pi =

due to the number of OOSPs which overlap onpl. For example, if al1 N- 1

overlap on pl, there are no overlaps on the other chip position, i.e., Pr(pi =

                                      81

O) for 2Si.< w,is

 interfering OOSPs

O)=1 for 2Si-< w.



However, if the number of overlaps on p1 is smaller than N - 1, the probability Prlpi = O) is smaller

than one. Therefore, the probability of Ii = 1 can be expressed as

       Pr(I, == 1ts.C,(1-q,"-i ). (A.4)

When Ii = 2, there are .C2 ways of interfering chip position. The probability of hit on the first chip

positionpl is 1 - g,"-' . The probability of hit on the second chip position p2 is due to the number

of overlaps onpl. If the number of overlaps onp1 is one, the probability of hit onp2 is 1 -- q,"-2,

and if the number of overlaps on pl is two, the probability is 1-q."'3. Hence 1-q,"-2 in

maximum. The probability of no hits on the other chip position can be up to one as described above.

Therefore,

       Pr(I, -2ts.C,(1 -q." -' Xl-q."-2 ). (A.s)

in general, the probability of I, = i (1 S i -< w) can be expressed as

       Pr(I, -i)S.C,n(1-q."-M) for ISi -< w. (A.6)
                   m==1

The PDF for I, can be written as

                        '       Pii (Ii )S il.illl., (wCi H.im, (1 -qc"-M )]6 (Ii -i) (A.7)

where the symbol ll denotes the product.

Appendix B

Numerical explanation of the condition ICI?V/nil << 1

   in this appendix, we numerically explain the condition ICWInil << 1. From Eq. (3.6), when an
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image fiber is wound by m turns and by bending radius R', the tensile stress vaon the most stressed

position r = D/2 can be written as

w.27z mD!2E. D E.
     27crnR' 2R'

(B.1)

Therefore, the condition can be expressed as

CW
nl

CED
2n,R'

        D
= O.106 x -.
        Rt

(B.2)

Here we approximately assumed ni = 1.5. in general, the picture diameter of an image fiber D is

smaller than 3 mm and the minimum bending radius is lager than 30 mm. Therefore, obviously the

condition ICWInil << 1 is satisfied generally.

Appendix C

Explanation of Eq. (5.1)

   in this Appendix, the definition of gain G expressed by Eq. (5.1) is explained. If an EDFA is

short enough and unevenness of pumping along the fiber can be neglected, gain Gi is generally

expressed as [12]

G, = P
R' ."'  == exp[{y(P, )' a}L - fi]

      m

(C.1)

where P.., and Pin are output and input signal power of the EDFA, respectively. r, a, L, and fi

are the amplification factor for unit length, the loss factor due to absorption and scattering, the

length of the EDFA, and the loss at input end, respectively. r is a function ofinput pump power P,.

The gain G, expressed by Eq. (C.1) can be rewritten as follows:
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G, = exp(- aL - fi)• exp{y(P.

  = C, exp {y (P, )• L} .

)• L}

APPENDIX

(C.2)

Here, C, is a coefficient independent of P,.

expressed written as

From Eq. (5.1), the gain defined by Eq. (5.1) can be

     P, (with pumping)
G=

P, (without pumping)
exp [{y (p. )- ah m fi le•.

  exp[{y(O)- a}L - J6]Pi.

- exp[{r(P, )- r(O)U]

= C, exp {r(P, )• L} .

(C.3)

Here, C2 is a coefficient independent of P,. As shown in Eq. (C.3), G is independent of the loss at

input end fi . Additionally, G is proportional to Gi. Therefore, we can use the definition Eq. (5.1) to

test the qualitative gain characteristics of EDFAs and EDIFAs.
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