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Abstract: Two kinds of hybrid diffractive-refractive ultra-
wide-angle (70�) eyepieces are designed which are with con-
siderably reduced apparent size and weight and with com-
parable or improved aberrations as compared with the con-
ventional refractive countertype. The designing strategy
including the consideration and the steps of the optimiza-
tion, the most important specification of the diffractive effi-
ciency, and the manufacture issues is presented. The struc-
tures and the performance merits of the designed systems
are given in a comparison of the traditional Scidmore eye-
piece. The designed eyepieces have potential applications in
various kinds of modern head-mounted displays.
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1. Introduction

As the rapid development of different kinds of head-
mounted display with micro-display devices, new de-
signs of eyepieces are becoming of significance [1–3].
Although the requirements of the eyepieces are differ-
ent for different applications, for instance military sys-
tems, medical instruments, entertainment systems and
virtual-reality systems, there are common challenging
design issues: a long eye relief, a large exit pupil, a
wide field of view and a wide band of spectrum. In
addition, a diameter limitation is required for binocu-
lar systems to accommodate a narrow interpupilary
distance. Nevertheless, for comfortable requirement of
users, the eyepiece should be smaller in size and light-
er in weight. It is difficult for traditional eyepiece de-
sign to satisfy with above conditions, and diffractive
optics has been introduced into today eyepiece design
[4–7]. Particularly, Missing presented an hybrid diffrac-
tive-refractive wide-field (60�) eyepiece [8], based on
traditional Erfle wide-angle eyepiece. His optical sys-
tem consists of 3 elements, which is compared with

5 elements of Erfle eyepiece, with enhanced optical
performance merits, and reduced weight and size.
Recently, the micro-display of Liquid Crystal on Sili-

con (LCOS) attracts a great deal attention in research
and in industry, for the good performance merits and
potential low price. LCOS is a kind of reflective micro-
display, which needs enough working space to place
the light source. With pure refractive eyepiece, such as
Erfle wide-angle eyepiece and Scidmore ultra-wide-an-
gle eyepiece, the working space is too small to set the
light source. To solve this problem, an additional relay
system is normally adopted, which makes the optical
system larger and heavier. Also, as the development of
the head-mounted display, more than 60� field of view
of the optical system is required.
In this paper we design two kinds of diffractive-re-

fractive hybrid ultra-wide angle (70�) eyepieces which
consist of 4 elements with diffractive surfaces. The de-
sign process is as follows: firstly selecting a suitable
Scidmore eyepiece with the focal length of 30 mm and
the field of view of 70�; secondly replacing the first
cemented-doublet lens with diffractive-refractive lens
(or a refractive lens in the second design) and making
an optimization; thirdly replacing the second cement-
ed-doublet lens with another diffractive-refractive lens
and making another optimization. The performance
merits of the designed hybrid diffractive-refractive eye-
pieces are then compared with that of the conventional
Scidmore eyepiece. The designed eyepieces meet the
needs of 70� field of view head-mounted displays with
the reflective micro-LCOS.

2. Design of the hybrid eyepiece
with two diffractive surfaces

Scidmore eyepiece consists of 6 elements, two cement-
ed-doublet lenses, a plane-convex lens and a convex
lens as shown in fig. 1. All the positive elements are
with the same kind of glass, and so the negative ele-
ments. Two convex lenses and the first cemented-doub-
let share the optical power of the eyepiece, while the
second cemented-doublet plays a role of aberration
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correction. The first cemented-doublet and the plane-
convex lens form an achromatic system. In the design
process of the diffractive-refractive eyepiece, we firstly
replace the first cemented-doublet lens by a diffrac-
tive-refractive lens. This involves in an achromatic
doublet design [5]. The distribution of the optical
power of the first cemented-doublet and the plane-con-
vex lens of the Scidmore eyepiece satisfies with the
conditions:

j1 ¼
V1

V1 � V2
j and j2 þ j3 ¼

V1

V2 � V1
j

ð1Þ

where j ¼ j1 þ j2 þ j3 with j1, j2, j3 are the optical
power of first, second and the third elements of the
achromatic system, respectively; V1 and V2 are their
respective Abbe numbers of the glasses. In our system
V1 ¼ 60.3 and V2 ¼ 33.8, the distribution of the optical
power is j1 :j2 :j3 ¼ 1.92 :2.33 :1. This distribution
makes the positive elements with larger curvatures.
With the diffractive-refractive lens, the division of the
optical power satisfies with the conditions:

jref ¼
Vref

Vref � Vdif
j and jdif ¼

Vdif

Vdif � Vref
j

ð2Þ

where jref and jdif are the optical powers of the re-
fractive and the diffractive elements, respectively, Vref

and Vdif are their respective Abbe numbers. Vdif is a
very small negative value (Vdif ¼ �3.45). This makes
the optical power of the refractive elements much
smaller, even less than, but very near to, the total opti-
cal power of the achromatic system. The actually repla-
cing procedure is as follows:

1) Replacing the cemented-doublet of the Scidmore
eyepiece with a plane-convex lens, with the plane
surface as the diffractive surface;

2) Making optimization on the first-order features of
refractive surface and the diffractive surface simul-

taneously, with the effective focal length and the
lateral color introduced into the merit functions;

3) Making optimization of the second-order feature of
the diffractive surface with the transverse ray fan
aberration and the distortion introduced into the
merit functions. In this optimization, the balance
between various aberrations and the required mini-
mum feature size of the diffractive surface, which is
related to the manufacturing issues, should be taken
into account.

Software ZEMAX provides a diffractive surface
with symmetrical phase polynomial [9], described as

jðrÞ ¼ A1r
2 þA2r

4 þA3r
6 þ � � � ð3Þ

where r is the normalized radial aperture coordinate
related to normalization radius set in the program. The
first term is used to correct chromatic aberrations
(corresponding to the second replacing step), while the
aspherical terms are used to correct high-order aberra-
tions (corresponding to the third replacing step). The
optimization is then a compromise between the lateral
color reduction and the monochromatic aberration cor-
rection. It was found after above replacing that the
eyepiece becomes smaller and lighter while the perform-
ance merits are comparable or improved as compared
with the initial Scidmore eyepiece.
We then replace the second cemented-doublet by

another diffractive-refractive lens with the similar
three steps mentioned above. In the replacing process,
however, the following fact should be taken into ac-
count: the second cemented-doublet of the Scidmore
eyepiece plays roles not only the chromatic aberration
correction but also the field curvature correction.
Fig. 2 shows the designed 70º field of view hybrid

diffractive-refractive eyepiece with four refractive ele-
ments and two diffractive surfaces, and table 1 shows
the performance merits of the designed eyepiece (row
4) in a comparison with the initial Scidmore eyepiece
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Figure 1. Scidmore ultra-wide angle eyepiece.

Figure 2. Hybrid diffractive-refractive ultra-wide angle eye-
piece with two diffractive surfaces.



(row 3). It can be seen that the transverse ray fan aber-
ration of the diffractive-refractive eyepiece is consider-
ably reduced as compared with the Scidmore eyepiece.
It drops from 8.3 mm to 2.7 mm, 178.9 mm to 70.5 mm,
and 275.1 mm to 162.3 mm for 0�, 48� and 70� fields of
view, respectively. The lateral color drops from
0.21 mm to 0.0017 mm, two-orders in magnitude im-
provement in a comparison of Scidmore eyepiece. The
improvement is also in the average field curvature,
which drops from 0.67 mm of the Scidmore eyepiece to
0.17 mm of the diffractive-refractive eyepiece. It can
also be seen that the distortion of the diffractive-refrac-
tive system increases slightly (from 13.3% to 15.6%).
This is because we set the weight of distortion in the
merit functions smaller in the optimization process. As
a matter of fact, the distortion aberration can be much
smaller as if the weight of distortion of the merit func-
tions is set larger in the optimization process. How-
ever, the transverse ray fan aberration becomes worse
in this case. For the transverse ray fan aberration is
more important than the distortion in a visual system,
we pay more attention on it in the optimization.
Table 2 shows the reduced apparent size and weight

(row 3) in a comparison with the initial Scidmore eye-
piece (row 2). It can be seen that the size and the
weight are reduced greatly. It drops by 30%, 18% and
81% for the total track, the diameter and the weight,
respectively. Considering the designed eyepiece is for
the use of head-mounted display, the great reduction
in size and weight is of significance. Meantime, the

working space increases from 9.6 mm of the Scidmore
eyepiece to 21.4 mm, which is beneficial for the ar-
rangement of light source for reflective micro-display
devices.

3. Design of the hybrid eyepiece
with single diffractive surfaces

Although the designed diffractive-refractive eyepiece
is smaller and lighter, and possesses satisfactory perform-
ance merits, it has two main drawbacks. First, one of
the diffractive surface is on the eye side, which needs
an environmental protection. Second, the diffraction
efficiency of the system is the product of the diffrac-
tion efficiencies of two diffractive elements, which re-
duces the effective light power and reduces the con-
trast of the desired image. For these reasons we
improve the system with only one diffractive surface.
The design procedure is as follows: firstly, replacing
the first cemented-doublet of the Scidmore eyepiece
with a single lens and making optimization with the
curvatures of two surfaces of the new lens as variables
to maintain the effective focal length; secondly, repla-
cing the second cemented-doublet of the Scidmore
eyepiece with a diffractive-refractive element. The sec-
ond procedure takes the same three steps as described
in section 2. The designed hybrid diffractive-refractive
eyepiece with single diffractive surface is shown in
Fig. 3.
Table 1 also shows the performance merits of the

designed eyepiece with single diffractive surface (row
5). It can be seen that the transverse ray fan aberra-
tion, the lateral color, the field curvature and the dis-
tortion increase in a certain degree as compared with
the first designed system (two diffractive surfaces).
However the aberrations are still better than that of
the Scidmore eyepiece except for the distortion. The
slightly increased distortion is because we set the
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Table 1. The performance merits of the hybrid refractive-dif-
fractive eyepieces in a comparison with the traditional Scid-
more eyepiece. TRFA: Transverse ray fan aberration, AFC:
Average field curvature.

Eyepiece Type TRFA (mm) Lateral
Color
(mm)

Distor-
tion
(%)

AFC
(mm)

0� 48� 70�

Scidmore 8.3 178.9 275.1 0.21 13.3 0.67

Two Diffractive
Surfaces

2.7 70.5 162.3 0.0017 15.6 0.17

Single Diffractive
Surface

9.6 97.6 224.8 0.065 15.8 0.34

Table 2. The structure parameters of the hybrid refractive-
diffractive eyepieces in a comparison with the traditional Scid-
more eyepiece.

Eyepiece Type Total
Track
(mm)

Weight
ð10�3 KgÞ

Diameter
(mm)

Working
Space (mm)

Scidmore 83.4 188.2 22.8 9.6

Two Diffractive
Surfaces

58.6 35.8 18.6 21.4

SingleDiffractive
Surface

58.7 39.3 18.6 21.3 Figure 3. Hybrid diffractive-refractive ultra-wide angle eye-
piece with single diffractive surface.



weight factor of the distortion in the merit functions
smaller in the optimization, which we have explained
in section 2. Table 2 also shows the apparent size, the
weight of the eyepiece and the working space with sin-
gle diffractive surface (row 4), which are almost the
same as the first design sample.

4. Fabrication issues of the diffractive elements

In the above hybrid diffractive-refractive eyepiece de-
sign, we adopted ZEMAX software, and the phase poly-
nomial is described by equation (3). When only first two
terms exist, which is the case in our designs, the ring
number of the diffractive elements n is given by:

�2pn ¼ A1r
2 þA2r

4 : ð4Þ
The normalized radius of the nth ring can be then cal-
culated by:

rn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�A1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2

1 � 8pnA2

q

2A2

vuut
ð5Þ

The maximum number of the rings is given by:

nmax ¼ Int
A1r20 þA2r40

2p

����
���� ð6Þ

where r0 is the normalized radial aperture of the dif-
fractive element, and Int denotes the integration op-
eration. Suppose the diffractive element is manufac-
tured with eight etching levels. The depth of each level
is given by:

d ¼ ld
8ðn� 1Þ ð7Þ

where n is the refractive index of the material and ld is
the center wavelength in air. In our design the adopted
visible wavelengths are lf = 486 nm, ld = 588 nm, lc =
656 nm, respectively. For the first diffractive surface of
the first design, the normalization radius is 19.2 mm.
The coefficients A1 and A2 are –1353.4 and –293.8,
respectively. The actual radius of the diffractive surface
is 15 mm. According to eqs. (4) to (6) the normalized
radial aperture is 0.78, and the total ring number is
149. When the etching level is eight, the minimum fea-
ture size is 5.6 mm. For the second diffractive surface,
the normalization radius is 24.0 mm. The coefficients
A1 and A2 are –5324.3 and 1563.1, respectively. The
actual radius of the diffractive surface is 18.6 mm.
Then the normalized radial aperture is also 0.78, and
the total ring number is 419. When the etching level is
eight, the minimum feature size is 3.5 mm. For the dif-
fractive surface of the second design, the normalization
radius is 24.0 mm. The coefficients A1 and A2 are –
5394.4 and 2247.5, respectively. The actual radius of
the diffractive surface is 18.6 mm. The normalized ra-

dial aperture is 0.78, and the total ring number is 387.
When the etching level is eight, the minimum feature
size is 4.1 mm. The minimum feature size of 5.3 mm, 3.5
mm and 4.1 mm are quite large for manufacturing.

5. Conclusions

We have presented the designing considerations and
procedures of hybrid diffractive-refractive ultra-wide-
angle eyepieces, one is with two diffractive surfaces
and another is with single diffractive surface. It has
been shown that the hybrid systems offer considerable
reduction in the apparent size, weight and number of
elements, which is of significance in the applications of
modern head-mounted display, while the performance
merits are improved or comparable as compared with
the conventional countertype. In the design, the bal-
ance between aberrations, the minimum feature size of
the diffractive element, and the diffraction efficiency
should be taken into account. For the diffractive ele-
ments possess inherently strong color correcting and
wave front shaping ability, the improvements in lateral
color and field aberration of the hybrid diffractive-re-
fractive system are particularly notable. The diffraction
efficiency of the diffractive elements is the first impor-
tant specification, for the high-order diffractions nor-
mally yield undesirable multiple images, which reduce
the contrast in the desired image. To enhance the dif-
fraction efficiency so as to improve the image quality,
the hybrid system with single diffractive surface and
with larger minimum feature size is preferable. It is no
doubt that the designed eyepieces have potential appli-
cations in various kinds of modern head-mounted dis-
plays.
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