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Abstract

We apply phase retrieval methods to simulated spatial resolution
measurements of head mounted displays (HMD:s) to recover the
Phase of the light measuring device (LMD). This allows for
correctly removing the LMD contributions to the HMD spatial
resolution measurements, which was simulated for different
LMD and HMD optical aberrations.
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1. Introduction

The image quality of virtual reality (VR) and augmented reality
(AR) head mounted displays (HMDs) is critical for many
applications including medical [1]. Developing image quality
evaluation methods has been a central focus of research and
standards development [2-4]. Metrology development has
included alignment methods of the light measuring device (LMD)
to the HMD [5,6], measuring optical aberrations [7,8], and spatial
and temporal resolution [9-12]. Spatial resolution measurements
of HMDs have been the subject of considerable research, due to
both the importance for applications and the metrology
challenges. Several methods have been demonstrated, which has
included line spread function and point spread function
approaches [our work]. However, a challenge for any spatial
resolution evaluation method is that measurements depend on the
performance of the LMD. For conventional displays, the
contribution of the LMD to the measurements can be removed by
independently measuring the spatial resolution of the LMD. The
spatial resolution of the display can then be determined by
dividing the total system modulation transfer function (MTFToral),
including the LMD and the display, by the MTF of the LMD
(MTF1mp). While this approach is appropriate for conventional
displays, there are challenges for HMDs, because the LMD is
effectively part of the optical system and therefore the optical
coherence is important. In other words, the HMD and LMD
cannot be treated independently, and the optical phase of the total

system is important. For LMDs with diffraction limited
MTFrotal -

performance, MT Fypyp = Wi correct, since the LMD does
not have any wavefront errors. However, for non-diffraction
limited LMDs, the wavefront errors of the LMD and HMD
combine, and therefore the phases of each are required to
determine the spatial resolution of the total system, LMD, and
HMD. Ref [13] showed simulations of the MTF errors for an
HMD with pancake lenses and two different LMDs and
demonstrated that the simple equation MTFyyp = MTFroeq/

MTF,yp is in general incorrect.

To illustrate the importance of the phase term, Figure 1a shows
an example measurement system. In the diffraction limited case,
shown in the top part of Figure 1b, plane waves from the HMD
are focused by the LMD onto the sensor and the contribution of
the LMD is straight forward to remove. In the bottom part of
Figure 1b, the HMD and the LMD have optical aberrations that
add coherently to produce the final spatial resolution
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Figure 1. a. Sketch of a head mounted display image
quality measurements using light measuring device (LMD)
b. Top row: lllustrations of wavefronts of diffraction limited
HMD and LMD. Bottom row: Aberrated wavefronts from
and HMD and LMD, which both contribute to the resulting
spatial measurement. c. Example calculated system MTF
with and without the phase contributions to the MTF, shown
in blue and red, respectively.

measurement. Since the sensor measures the intensity of the
incident field, the phase term is not measured and therefore
removing the impact of the LMD is difficult. As an example,
Figure 1c shows the MTFuup (red line) and the MTFiup (blue
line) are the same, but phases are opposite. The diffraction limited
MTF is shown as a reference (black line). The results of simply
dividing the MTFs compared to including the phase terms are
shown in red and black, respectively. In this case, the optical
aberrations of the LMD and HMD cancel resulting in a total
system MTF significantly better than either MTFyp or MTFump.
Therefore, for non-diffraction limited system, the phase of the
LMD and HMD are important.

While the wavefront errors or optical phase are frequently
measured for single lenses using interferometric techniques, this
approach is not feasible for complex HMDs. However, alternative
methods have been developed to recover the phase through
iterative algorithm methods using prior knowledge of the object
and optical system. One common method is known as phase
retrieval and has been used for applications including
characterizing the optical aberrations of the Hubble space
telescope [14-16].

In this work, we demonstrate a method for determining the optical
phase of the LMD and HMD by applying phase retrieval
algorithms. This allows for separating the LMD contribution to
the spatial resolution measurements to determine the HMD
performance even with an LMD with optical aberrations. The
results show simulations of the HMD spatial resolution measured
using LMDs with different known optical aberrations and
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Figure 2. Phase retrieval algorithm method. The G-S algorithm is used to retrieve the phase based on the measured amplitude
and system constraints. The output phase is then fit with Zernike polynomials to decompose the phase into optical aberrations,
which is used to seed the initial phase guess for the G-S algorithm.

demonstrates that this method can determine the HMD spatial
resolution.

2. Methods
Phase Retrieval:

Figure 2 shows the phase retrieval method used in this work based
on the Gerchberg-Saxton (G-S) algorithm [14,15,17]. For the G-
S algorithm, the amplitude of the image is used as an input. In our
case this is magnitude of the point spread function (PSF),
|Ao(x,y)|, which is multiplied by an initial guess for the phase,
#(x,y). We used a uniform phase as the initial guess. The resulting
complex function, G'(x,y), was Fourier transformed to generate
the complex function in the pupil plane, g’ (£,fy). The amplitude
in the pupil plane was replaced by the known constraints of the
system, namely a pupil of known size with uniform illumination,
|ao(fr,fy)|. Physically this requirement means the LMDs aperture
size is known and the optical field from the HMD has uniform
intensity across the LMD aperture and there is no light leakage
outside the aperture. The new pupil function is Fourier
transformed back to the image plane and the amplitude is replaced
again by |4o(x,y)|. This iteration is repeated until the solution
converges with the necessary phase.

To ensure the results are physical, the resulting phase term was
subsequently decomposed into the orthogonal basis set of Zernike
polynomials  that represent the optical aberrations.
Mathematically, wavefront errors, W (p, ¢), can be represented as
a sum of Zernike polynomials, Z]*(p, ¢), in radial coordinates
using the equation, W(p, ) = Y,m Zi(p, @), where n and m
indicate the order of the polynomial and p and ¢ are the
normalized radial coordinates in the pupil plane. In matrix format,
we can write the equation Ax = b, where

Zg(plv ®1) Z3(p1, 01)
A= : : R @9
Z(()) (PN, ©on) Z3 (N, o)
Qo0
x=| i, 2)
Anm

W(le 1)
(3)

W(PN: ¢N)
The resulting phase from the G-S method is b, which can be
decomposed into the Zernike coefficients using,

x = [ATA]"*ATb.

The resulting coefficients, x, can then be used to determine the
initial phase guess for the G-S algorithm and repeating the phase
retrieval. Iterating between the Zernike fitting and the G-S
algorithm improves both the convergence of the phase retrieval
and ensures the results are physical.

Figure 3a,b show examples of the PSF and pupil phase terms
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Figure 3. a. PSF amplitude and b. pupil phase term showing
ideal diffraction limited, astigmatism, defocus, and coma
optical aberrations. c., d. Ground truth and phase retrieval
results for oblique astigmatism and vertical coma.
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using Zernike polynomials for different optical aberrations.
Figure 3 c,d show examples using the phase retrieval method in
Figure 2 for oblique astigmatism and vertical coma,
respectively, where the PSF amplitude was used for |4o|. The
phase retrieval method successfully recovers the phase,
demonstrating that the pipeline produces the intended results in
this simple case.

For actual spatial resolution measurements, the method is
repeated for both the LMD and for the HMD system. This is
accomplished by using the measured PSF of the total system
(LMD and HMD) and the LMD PSF measurements. This allows
for determining both the phase of the LMD and the total system.
The phase of the HMD is then determined by taking the
difference of the LMD and system phases. It is important to
note, that the G-S algorithm has a sign ambiguity, which means
the results of the process discussed gives two solutions for the
HMD phase. The phase ambiguity can be resolved by repeated
measurements, which will be discussed later.

3. Results

The phase retrieval method was tested by simulating an HMD
measured with LMDs with different optical aberrations. Since
the results are simulated, the amplitude and phase of each
component are known, and the pipeline is tested to determine if
this known phase can be recovered. Figure 4a, b shows the
ground truth for the amplitude, pupil phase, and MTF for the
LMD and HMD, respectively. LMDs with different optical
aberrations were used in the simulation, namely diffraction
limited (ideal), oblique astigmatism, horizontal coma, spherical,
and a mixture of several aberrations (mixed). The same optical
aberrations for the HMD were used in each simulation. The
results of the phase retrieval for the LMD and HMD are shown
in Figure 4c. The resulting image amplitudes, pupil phases, and
MTFs are in good agreement with the ground truth shown in
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Figure 4. Examples of phase retrieval method applied to a
simulations of HMD measurements using LMDs with
different optical aberrations. a. Ground truth image
amplitude, pupil phase, and MTF for the LMD. b. Ground
truth image amplitude, pupil phase, and MTF of the HMD.
c. Phase retrieval results for the LMD and HMD with the
optical aberrations shown in a. d. Pupil phase for the entire
system, LMD + HMD, for the ground truth, after 1 iteration,
and 10 iterations of the phase retrieval method.
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Figure 5. Example MTF calculations from the phase
retrieval method with an LMD that is focused and
defocused. The MTFyyp with the phase difference (¢rotal -
$Lmp) is the same for both defocus values of the LMD.

Figure 4a,b. The pupil phase after 1 and 10 iterations are shown
in Figure 4d. It is important to note that in these simulations, the
LMD has similar performance to the HMD, which is a more
challenging case than the measurements using an LMD with
significantly better spatial resolution than the HMD, as
recommended [3].

As discussed earlier, there is a sign ambiguity in the phase of the
G-S algorithm. Since the MTF and image amplitude are the
modulus of the signal, the sign of the phase does not impact the
results. However, since the phase of the LMD can be either
added or subtracted from the total system, there are two
potential solutions. However, this can be addressed by repeating
the process with two different defocus amounts for the LMD.
This results in four potential solutions with two solutions being
identical, which is therefore the correct solution. Figure 5 shows
an example of the calculated MTF where the pupil phase of the
LMD has been added and subtracted from the total phase of the
system. Notice that the MT Fy,p is the same for the two LMD
defocus values for the phase difference case, meaning this is the
correct result (right column).

Figure 6 shows examples of the MTF profile for the astigmatism
and mixed cases in Figure 4. The ideal diffraction limited MTF
is shown in black. The ground truth for the LMD and HMD are
shown in red and blue solid lines, respectively. The results from
the phase retrieval method for the LMD (red dashed line) and
HMD (blue dashed line) are in excellent agreement with the
ground truth for both the astigmatism and mixed cases. As a
comparison, the MTF of the HMD was also calculated using the
equation, MTFyyp = MTFrorq1/MTF, pp, without including
the phase term, which is shown in green. While the phase
retrieval method accurately calculates the MT Fyyp, ignoring the
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Figure 6. MTF profile showing the ideal (black), LMD (blue),
and HMD (red) for the ground truth (solid lines) and the
phase retrieval method (dashed lines). a. astigmatism. b.
mixed.
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phase term results in significant MTF errors. These results show
that the phase retrieval method discussed is a promising method
for determining the MTF and spatial resolution of an HMD even
with an aberrated LMD.

4. Conclusion

In this work we demonstrated that phase retrieval methods can be
applied to spatial resolution measurements of HMDs to correctly
remove the contribution of the LMD to the measurement. This is
accomplished by recovering the phase of the LMD and total
system to determine the phase of the HMD, which allows for
correctly calculating the HMD PSF and MTF. The results
presented were simulated and future work will apply this method
to experimental measurements to test the impact of noise and
pixelation on the method. We think this method provides a
potential pathway to address the current challenges in spatial
resolution measurements of HMD.
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