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In this paper, we propose a system design for a parallel 3-dimensional optical interconnection network utilizing
variable grating mode liquid crvstal devices (VGM LCD's) which are optical transducers capable of performing in-
tensity-to-spatial-frequency conversion. The proposed system performs real-time, reconfigurable, but blocking and

nonbroadecasting  3-dimensional optical interconnections.  The operating  principles of the 3-D optical in-

terconnection network are described, and some of the fundamental hmitations are addressed. The system presented
in this paper can be directly used as a configuration of switching clements for the 2-D optical pertect-shutle dv-
namic interconnection network, as well as for a B-ISDN photonic switching system.

I. INTRODUCTION

With the “information age” about to enter a new cen-
tury, parallel distributed computing"* and broadband
communication networks are required to process and
deliver a great amount of information. It is often real-
ized that optics can take an important role in parallel
processing and alleviate some of the communication
bottlenecks, especially in the interconnection of high-
speed systems. As the telecommunications and com-
puter networks merge into one, many applications will
rely on the advantages of optical interconnections and
photonic switching.

Among the technologies that have been developed
so far in the various parts of the world, integrated op-
tics device technology has cmerged as the most promis-
ing, owing to its rapid and numerous successes. Many
components are now commercially available, ranging
from optical modulators to polarization controllers, and
to crossbar switches. For switching applications, arrays
as large as 16X 16 have been fabricated and field-test-
ed, and problems such as polarization and wavelength
sensitivity have been successfully resolved. Research is
now moving from the LiNbO, substrate material to
GaAs and InP for the obvious reason of facilitating the
integration of guided wave optic components with elec-
tronics. This trend has resulted in research activitics
whose objective is the study and development of dev-
ices known as PICs (Photonic Intcgrated Circuits) and
OEIC (Opto-Electronic Integrated Circuits) with higher
integration density and increased functionality.

There are a number of reasons why guided wave op-
tics has been regarded as the most promising tech-
nology in optical interconnections. One reason is that
we can have flexible interconnects with low crosstalk
and with no diffraction spreading due to propagation.
The other is that the small transverse interaction areas
and the selectable interaction lengths reduce the energy
required to control the devices by orders of magnitude'*,
and ensure compatibility with electron confinement
volumes. Nevertheless, there are also drawbacks. Guid-
ed wave optics is a planar technology, and thus the in-
herent 3-D parallelism of optics is not utilized. In ad-
dition, the polarization sensitivity is in general ag-
gravated in guided wave optics, since modal con-
finement factors and propagation constants arc mode
dependent®.

Free-space grating optical interconnection systems
have drawn a great deal of attention in the sense that
they fully utilize the inherent 3-D parallelism of optics.
The configuration in this architecture incorporates a
medium in which the gratings are recorded. There are
three possible types of gratings that may be used for
this scheme. The first is the fixed holographic gratings
recorded in photochemical materials such as di-
chromated gelatin and silver halide”. The second is the
dynamic gratings that have been recorded in pho-
torefractive materials such as LiINbO,, Bi,;Si0,, GaAs,
and many more". The last may be a spatial light mo-
dulator, exemplified by variable grating mode liquid
crystal devices, that can change their gratings de-
pending upon either the intensity of the incident beam
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or the applied voltage controlled by external electronics.

The network design involves a trade-off between fac-
tors such as cost, ease of reconfiguration, contention
(the possibility that messages may collide in certain net-
work configurations), bandwidth, and control-complexi-
ty”. The crossbar interconnection network is known to
be one of the most powerful interconnection networks
in that it allows all processors and/or memories to be
dynamically interconnected in an arbitrary permutation
without contention and without moving any existing in-
terconnections. The drawback of a crossbar is that its
switching complexity grows as O(N°). Many different
types of multistage networks with O(N log N) switches
which provide parallel communications at a lower cost
have been proposed®™. However, these networks have
limited permutation capabilities causing contention pro-
blems.

There have been several efforts to implement optical
interconnection networks not only for VLSI systems",
but also for optical processors'™. Several researchers
have suggested and implemented various optical in-
terconnecting schemes. Several techniques are present-
ed"; one is an optical digital computer configured as a
parallel switching network, others are essentially opt-
ical methods of performing matrix-vector and matrix-
matrix products. Several functional interconnection
schemes using optical gates are described". The im-
plementation of both space-variant, space-invariant and
hybrid interconnecting schemes using computer gen-
erated subholograms is given™". An optical im-
plementation of the perfect shuftle exchange network
using lenses and Wollaston prisms is presented™. A
suggestion in optical crossbar networks using direc-
tional couplers is given"?, although it provides only a
planar interconnection scheme which does not fully ex-
ploit the advantages of two-dimensional optical proce-
ssing systems. A system design of 1-D optical crossbar
interconnection network using variable grating mode li-
quid crystal devices has been introduced’. The design
of 3-D optical interconnection networks using fer-
roelectric liquid crystals and 3-D dynamic optical in-
terconnection network which performs 3-D omega net-
work has been proposed in [17] and [18], respectively.

In this paper, we propose a system design for a 3-di-
mensional optical crossbar interconnection network u-
tilizing variable grating mode (VGM) liquid crystal dev-
ices which are optical transducers capable of perfo-
rming an intensity-to-spatial-frequency conversion. The
proposed system performs a real-time, reconfigurable,
but blocking, and nonbroadcasting 3-dimensional opt-
ical crossbar interconnections. In section 2, some pro-
perties of VGM devices are teviewed. Section 3 des-
cribes how the 3-D interconnection system works. The

system analysis and its fundamental limitations are
given in Section 4, and discussions on the proposed 3-
D optical crossbar interconnection networks are addre-
ssed in the conclusion.

II. VGM LIQUID CRYSTAL DEVICES

Variable grating mode liquid crystal devices (VGM
LCD) are a new class of optical transducers which can
perform an intensity-to-spatial frequency conversion over
a two dimensional image field. The VGM LCD pri-
marily consists of a photoconductive layer in series
with a layer of nematic liquid crystal mixture as shown
in Fig. 1. When a dc bias voltage above a threshold is
applied across the device to provide a voltage division
between the two layers, a domain instability is formed
in the liquid crystal layer as shown in Fig. 2. (The
word “domain” in this paper is reserved for the des-
cription of the phenomenon of bright and dark stripes
which appear when a dc voltage is applied across the
device. This phenomenon, which is caused by the vari-
ation of the optical path length due to the periodic per-
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Fig. 1. Schematic diagram of the VGM device construction.
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turbation of the liquid crystal uniaxial index ellipsoid,
is generally named “domain structured instability” in li-
quid crystals ). The width d of the domain period (line
pair) is inversely proportional to the applied voltage V
according to

d=7 (1)
where o is a constant that is dependent on the par-
ticular liquid crystal.

When a write beam illuminates the cell, the input in-
tensity causes the voltage across the photoconductive
layer to decay and correspondingly enhances the vol-
tage across the liquid crystal layer. It follows thus that
the photoconductor implements an intensity-to-voltage
conversion which changes the spatial frequency of the
liquid crystal layer according to Eq. (1). The transverse
conductivity of the photoconductor is generally low, so
that the phase grating formed is highly local. If both
processes are considered together, the device is seen to
perform local intensity-to-spatial-frequency conversion.
A collimated readout beam incident on the device at a
wavelength where the photoconductor is insensitive is
angle-encoded within each image pixel by diffraction
from each induced phase grating and consequently can
be steered in any one-dimensional direction orthogonal
to the grating orientation.

When designing an optical interconnection system bas-
ed on VGM devices, their operational properties must be
considered. Some of these properties that we will con-
sider in this section include: the accessible range of spa-
tial frequencies, size of the diffraction orders, the func-
tional dependence of diffraction efficiency on the applied
voltage, maximum diffraction efficiency, response time,
device uniformity, device input sensitivity, and the po-
larization characteristics of the device. Characteristics of
these parameters can be found in [16].

The accessible range of spatial frequencies extends
from the threshold for grating formation to the onset of
dynamic scattering induced by high electric fields. The
typical range of spatial frequencies is from 200 line
pairs/mm to over 600 line pairs/mm. It has been re-
ported that this accessible range can be extended by a
factor of two by utilizing the orthogonal polarization
behavior of alternating diffracted orders.

The size of the diffraction orders is determined by
two factors: diffraction from finite-sized pixel apertures
and grating imperfections that cause local deviations
from constant spatial frequency. The most common
type of grating imperfection is the joining or splitting
of grating lines as shown in Fig. 2. This grating im-
perfection is not well understood, although it affects
the performance of the optical interconnection systems.

It is shown that, when a beam is incident on the im-
perfection, the spot size of the diffracted beam incre-
ases, which consequently increases unexpected cross-
talk and thus reduces the maximum number of in-
terconnection elements that can be obtained in one con-
figuration of the interconnection. Some experimental
results that have been made in Hughes Research La-
boratory have shown that the degree of grating im-
perfection is proportional to the rate of change of ap-
plied voltage!!.

Unfortunately, the diffraction efficiencies of the
VGM LCD have not been formulated analytically, nor
have VGM LCD's been classified as one of thin or
thick gratings. For simplicity of calculation, they are of-
ten regarded as thin gratings. The experimental results
of the functional dependences of diffraction efficiency
on the applied voltage have been considered in this
paper to evaluate the overall diffraction efficiency of
the system. As shown in Fig. 3, the diffraction ef-
ficiencies of the second order are higher than that of
the first order and are approximately 20%. This pheno-
menon occurs due to the peculiar nature of the bire-
fringent phase grating formed by the VGM distortion.

The slow response of the device is the major factor
that inhibits the widespread utilization of VGM devices
for optical interconnection systems. Work on measur-
ing and improving the response time has been done at
the Hughes Research Laboratory by Soffer et al.. The
rise time for grating formation from below to above
threshold is typically of the order one second, and the
decay time is of the order 50 msec. The thickness ef-
fect on the VGM response time was also tested. It is
seen in general that the thinner the cell, the shorter the
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turn-on time (delay time plus rise time). To improve
the VGM response so as to be compatible with TV fra-
me rates or faster, on the order of tens of milliseconds,
Soffer et. al. have suggested a novel approach to, and
some preliminary results for achieving a faster dynamic
response by spoiling the long range order of the period-
ic domains. From the experiment, the rise time has
been estimated to be 600+200 msec and the decay
time to be only in the tens of milliseconds. Alternati-
ves to the VGM device have also been studied in order
to overcome the shortcomings—slow response and
short degradation life-time. One alternative device that
would preserve the essential feature (intensity-to-spatial
frequency-conversion) would use electro-optically in-
duced birefringent changes in a LC in wedge or prism-
shaped devices. They have performed preliminary ex-
periments to examine these ideas.

The input sensitivity of the VGM LCD, defined as
the input (writing) intensity per unit area per unit ch-
ange in grating spatial frequency, is determined by sev-
eral factors. These include the slope of induced grating
spatial frequency as a function of applied voltage for
the particular nematic liquid crystal mixtures, the wave-
length dependence of the photoconductive layer pho-
toconductivity, and the cell switching ratio (fractional
increase in voltage across the liquid crystal layer from
illumination at the threshold for grating formation to sa-
turation).

The uniformity of VGM LCD response depends on the
layer thickness, on the homogeneous mixing of the liquid
crystal material, and on the as-deposited spatial depen-
dence of photoconductive sensitivity. Actually, the nonun-
iformity of the device response characteristics can be a
contributing factor in the establishment of the max-
imum number of accessible gray levels and can be min-
imized significantly by improvements in the photocon-
ductive layer deposition process.

III. OPERATING PRINCIPLES OF
THE 3-D OPTICAL INTERCONNECTION
NETWORK

In this section, a system which implements a real-
time, reconfigurable, but blocking 3-dimensional opti-
cal interconnection network utilizing VGM LCDs, is
presented. For the sake of clarity, we will briefly re-
view the operating principles and some analyses of the
one-dimensional VGM crossbar interconnection net-
work that have been explained in detail in [16].

The one-dimensional VGM crossbar system is sho-
wn in Fig. 4. There are 2K+1 electrical input lines,
each driving a separate laser diode denoted by LD, (-K,
woss L, ..., +K). The light from each laser diode separate-

ly illuminates one element in a 1-D array of 2K+1
electrically controlled VGM cells (or subcells) as
shown in Fig. 4. Any beam spreading or collimating
optics is omitted for clarity. Each VGM cell of the 1-D
array consists of a layer of nematic liquid crystal mix-
ture placed between two transparent electrodes. There
are no photoconductive layers in the structure. Thus
the spatial frequency of a cell is controlled by the ap-
plied voltage. The Fourier transform lens forms the dif-
fraction pattern of the VGM array in the back focal
plane, where there is a mask to eliminate unwanted dif-
fraction orders. A detector array in the back focal plane
detects output signals from positive and negative dif-
fraction orders and electrically combines them to pro-
duce an output in 2K+1 parallel channels. Thus the
VGM cells act as an electrically controllable beam ste-
ering array used to direct the input signal light to one
of several spatially separated output channels.

It is shown [16] that the intensity distribution in the
detector plane consists of N = 2K+41 sinc square func-
tions which overlap each other in the Fourier transform
plane. If the size of VGM cell is small, we can have
many input channels, although large diffraction in the
Fourier plane will cause crosstalk to adjacent output
channels deteriorating the signal-to-noise ratio in the
output plane. On the other hand, if the cell size is large,
it reduces the maximum number of input channels be-
cause we have assumed that the overall dimensions of
the array and the optical systems are fixed. Thus, there
must be a trade-off between the maximum number of
interconnection elements and the signal-to-noise ratio
due to the crosstalk. The criterion for the trade-off was
based on the fact that the signal-to-noise ratio in the
output channel must be greater than 1 for the proper de-
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Fig. 4. Schematic Diagram of the 1-Dimensional optical crossbar
interconnection network using VGM LCD.
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Fig. 5. Schematic diagram of the 3-Dimensional optical in-
terconnections.

tection of signals in noise. A discussion of this prob-
lem and of other fundamental limitations such as re-
configuration time, diffraction efficiency, broadcasting,
etc. is given in Sec. IV of reference [16].

The schematic diagram of a 3-D optical in-
terconnection network is shown in Fig. 5. This is an ex-
tension of the 1-D VGM crossbar to 3-D optical in-
terconnections. As described in the operating principles
of 1-D VGM crossbar, the VGM cells can serve as an
electrically controllable beam steering element array.
The idea behind the extension is that it would be pos-
sible to implement a 3-D optical interconnection net-
work by utilizing two arrays of VGM cells in cascade
in such a way that the first array would be used for the
vertical steering of input beams and the second for the
horizontal steering. However, this scheme does not pro-
vide full M interconnections because it causes a con-
tention problem. This contention problem will be ad-
dressed in the following.

To explain the mechanism of interconnections
between N XN input elements and N XN output ele-
ments, we designate each pixel of the two-dimensional
input array by [, {=1, 2, .., N, j=1, 2, ..., N), that of
VGM1 array by a,, that of VGM2 array by b,, and fi-
nally that of the two-dimensional output array by O,.
Since VGM1 is placed in the proximity of the input
plane, beams emanating from each pixel of the input
are directly matched to the pixels of VGMI1. In other
words, an input beam [, is directed only by a, For
ease of manufacturing and operation, we assume that
VGMI is for vertical direction only, and VGM2 is for
horizontal direction only. Therefore, I, can be con-
nected to O, through a, and through b,. The simplest
way of demonstrating this interconnection occurs will
be the case when the input and output array is the size
of 2x2 as shown in Fig. 5. All of the possible con-
nections between 2X2 input and output arrays are
shown in Table 1.

From the data shown in Table 1, we can see that all
the elements in the input plane can be connected to
any arbitrary element of the output planc with limited
connectability. By “limited connectablility” we mean
that, if one element of the input is connected the ele-
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Table 1. Interconnections between input {; and output O, through
2-D VGM arrays a; and by

Iy a) by, On I, ap bz Oy
I a; by, 0, I, ap b O
L ap by, 0, L, a2 ba: (O
Ly a by, 0 I a ba, Ox
L dz by, O L, s b, Oy
L a7 by 0, L, an bia O
L dy by, 0., L sy b.; 0,
L, dy by 0., I dx by 0.,

ment of the output, another interconnection may not be
obtained due to the blocking problem. To be more
specific, suppose that I, is to be connected to O,,. For
this interconnection, a,, of VGMI1 and b, of VGM2
have to be involved. In this case, since b,, is already oc-
cupied, the only VGM cells that /,, can use is a, fol-
lowed by b,, which consequently prohibit the con-
nection to O,,. This is what we call the contention prob-
lem.

Because of this contention problem, the number of
maximum interconnection elements with the proposed
system is limited by some factor as a function of N.
Some parameters that determine the performance and
the limitations of the proposed system will be present-
ed in the next section.

IV. SYSTEM ANALYSIS

In this section, a performance analysis of the 3-D in-
terconnection system and some fundamental limitations
are given. These include the maximum number of in-
terconnection elements that can be connected in one
configuration, the reconfiguration time, and the overall
diffraction efficiency.

The maximum number of interconnection elements
that can be achieved in one configuration is one of the
most important parameters that determine the efficiency
of the system. For our analysis, we use two 2-D VGM
arrays called VGM1 and VGM2, each of which has a
dimension of 2 X2 elements, for purposes of simplicity.
As mentioned in Sec. 3, VGMI1 is manufactured in
such a way that all of the elements can direct input
beams in a vertical direction, while VGM2 can do the
same job in the horizontal direction. This is our basic
assumption because liquid crystals do not form com-
posite gratings, and once the domain instability is for-
mulated, the single specific spatial frequency is dom-
inated over all elements. Our objective is to connect all
the 2x 2 elements of the input plane to all the 2X 2 ele-
ments of the output plane. To make sure that these 3-di-
mensional interconnections are made, we need a control
scheme that has controllability of N* switches. Since we
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are in the 3-dimensional space, this connection can nev-
er be achieved.

In order to generalize this blocking problem to the N
X N input case, we first consider the cells located in
the first column of the input plane. [, can access,
through a,,, any one of the first column of the VGM2
cells, and the number of these interconnections is N.
One of the VGM2 cells that has been selected by I,
has N choices of pixels of the corresponding row of
the output array, providing N? interconnections. At the
same time, [, can access any of the first column of
VGM2 cells except the pixel that has been occupied
by the I, interconnection. This gives us (N-1) in-
terconnections. One of the VGM2 cells that has been
selected by I, has N choices of pixels of the cor-
responding row of the output array, providing (N-1) -
N interconnections. Continuing this process for the rest
of the first column and combining all these in-
terconnection numbers up to /,,, we obtain the number
of interconnections as

N N+(N-1)N+(N-2) N+-+1-N
NN+

. @

Now, consider the cells located in the second column
of the input plane. [, can access, through a,, any one
of the second column of the VGM2 cells, and the numb-
er of these interconnections is N. One of the VGM2
cells that has been selected by [, at this time, however,
has N-1 choices of pixels of the corresponding row of
the output array, providing N - (N-1) interconnections.
At the same time, [. can access any of the second
column of VGM?2 cells except the pixel that has been
occupied by the [, interconnection. This gives us (N-1)
interconnections. One of the VGM2 cells that has been
selected by I,, has N-1 choices of pixels of the cor-
responding row of the output array, providing (N-1) -
(N-1) interconnections. Continuing this process for the
rest of the second column and combining all these in-
terconnection numbers up to I,,, we obtain

N-(N=D+N=1)-(N=1)+(N =2)-(N = 1)+
+1 ~(N—1):N(_Nz+ll(N—1). (3)
Considering the rest of the columns of the input ar-

ray, and rewriting the total number of interconnections,
we obtain

N-N+(N—1)N+--~+]-N=————-—N(A;+1)N
NN -D+WN-DN =D+ +1-(N-1)
:N(N7+1)(N_1)

NN-=-2)+(N-1)(N-2)+-+1-(N-2)
:N(Nz+1)(N_2)
N(N+1)l

N-I+N-D1+--+1-1= 5

Summing up all the numbers of interconnections, we
get the total of interconnections N, as

2
Ntotal = [W} : (4)

Finally, by taking the square root on Eq. (4), we can
compute the maximum number of interconnection ele-
ments that can be obtained in the input plane of the
proposed system as

N - {N(N+1)T:N(N+l) 6)
2 2

We can check the validity of Eq. (5) by noting that,
for the 2X2 input case, there are 9 interconnections
giving 3 free choices of interconnection elements.

From this calculation, we can estimate the maximum
number of interconnection elements that we can obtain
using practical VGM devices. It is shown' that, if we
let the size of the VGM device be 70X 70 mm?’, and
the maximum and minimum spatial frequency that can
be formed in the device be v, = 400 cycles/mm, and
Vo = 800 cycles/mm, respectively, then 1-D VGM in-
terconnection system can provide N = 127. Substituting
this number into Eq. (5), we can get N = 8,128. This
means that extension of 1-D VGM to 3-D in-
terconnections gives us an increase in the number of
maximum interconnection elements by a factor of (N +
1)/2 for the 1-D case.

If we define the interconnection efficiency 1 of the
proposed system as the ratio of the total number of in-
terconnections of the system to the number of in-
terconnections for the 4-D crossbar case, we get

Noox 8128
N2 127x127

n= =50.39% (6)
It can be easily seen that, as the number of 2D cells in-
creases, the utilization efficiency approaches asympto-
tically to 50%.

The reconfiguration time of the 3D interconnections
based on VGM LCDs depends essentially on the re-
sponse time of the VGM device used, since the
response time of the VGM device reaches upto one
second, which is a relatively long period of time com-
pared with that required for driving the LD arrays.
Thus, the reconfiguration time of the 3-D VGM in-
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terconnection system can be estimated to be of the ord-
er of one second. However, this long reconfiguration
time could be tolerated in applications where each con-
nection is followed by the transfer of large blocks of
data, such as in image processing. Taking into account
attempts to improve the slow response of VGM by
spoiling the long range order of periodic domains, and
to find alternatives to the VGM devices which are be-
ing made at the Hughes Research Laboratory, shorter
reconfiguration times should be available within a few
years.

The overall diffraction efficiency of the system can
be roughly calculated utilizing experimental results.
Since the first order diffracted beam of the VGM's is
used in this system, the diffraction efficiency of the sys-
tem becomes 0.08 x0.08 = 0.0064 = 0.64%. However,
if we insist on using the second order, it reaches upto 0.
2x0.2=0.04 = 4%. Although this low diffraction ef-
ficiency might discourage us from using the VGM
LCDs as an optical interconnection network, it can be
tolerated in some systems which do not require high
diffraction efficiencies.

The non-broadcasting property of the VGM crossbar
is one of the shortcomings discussed so far. This pro-
perty can be explained by comparing the operating prin-
ciples of VGM devices and those of acousto-optic cells.
Acousto-optic devices have composite spatial frequen-
cies of the phase grating according to the frequencies
of applied electrical signal. On the other hand, The spa-
tial frequencies of the phase grating formed in VGM
devices are uniquely determined by the applied dc¢ bias
voltage. In other words, the phase grating is not of
composite form but of a fundamental frequency. Thus,
the VGM crossbar network cannot be used where
broadcasting is required. However, since VGM cro-
ssbar is reconfigurable, smart algorithms for broad-
casting could solve the problem.

V. DISCUSSIONS AND CONCLUSIONS

Advances in technology and the declining cost of
computer hardware have encouraged us to design com-
puter architectures consisting of a large number of pro-
cessors executing programs concurrently. Such parallel
computing architectures require communication netwo-
tks between processors, and between processors and
memories, which allow many processors to send data
to other processors and/or memories simultaneously.
Optical techniques for these communication purposes
provide potential advantages, together with their inev-
itable disadvantages. Many results for implementing
optical interconnection schemes have been reported in
the literature. However, real-time, reconfigurable opt-

ical interconnection schemes have additional potential
advantages for optical processors as well as broadband
communication networks.

There are several ways to implement these. One of
the possible schemes is to use two Acousto-optic Bra-
gg cell arrays which can steer the input beam two-di-
mensionally. Another scheme is to use real-time hol-
ography and/or Computer Generated Holograms. Yet
other schemes are utilizing Spatial Light Modulators.
Techniques for implementing real-time optical interco-
nnection networks utilizing directional couplers and ma-
trix-vector and matrix-matrix processors have been re-
ported.

In this paper, we have designed a real-time, recon-
figurable, but blocking, and non-broadcasting 3-dimen-
sional optical interconnection network exploiting the
properties of VGM LCD's. The 4x4 3-dimensional
optical interconnection network may be used for switch-
ing elements of the 3-D implementation of optical
Omega network suggested by Sawchuk™. It is shown
that extension of 1-D VGM to 3D interconnections
gives us an increase in maximum interconnection ele-
ments by a factor of (N+1)/2 for the 1-D case. The
overall diffraction efficiency of the system has been es-
timated to be 0.64%. However, if we use the second
order of the VGM LCDs, we can obtain a diffraction
efficiency of up to 4%. This low diffraction efficiency
can be tolerated in some systems which do not require
high diffraction efficiencies.
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