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Abstract

The amount of data produced by humanity each day is set on an exponential trend. As
data production increases, the demand for data storage also grows. Current storage
technologies cannot keep up with the extreme rate of growth, so new approaches to data
storage must be considered. Quartz glass optical storage, holographic storage and DNA
storage are three promising technologies that may become widely used in the future. The
crucial factors necessary for these storage technologies to succeed are their storage
density, transfer speed and commerciality. As of now, quartz glass optical storage leads
the way as the most promising solution for large volume, low access data storage.
However, research into DNA sequencing from other unrelated fields could make DNA
archival storage more appealing than quartz glass in the longer run.
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Introduction

As the product of the digital revolution, humanity collectively generates enormous amounts of data. The
data created by companies, consumer devices, datacenters and more is known as the global datasphere,
and its size was estimated to be 33 zettabytes (1 ZB = 10?! bytes) in 2018 [1]. By 2025, the International
Data Corporation (IDC) predicts that the global datasphere will grow to 175 ZB [1]. The exponential rise in
data production poses a serious question as to how the data will be stored. Innovation is required in the
data storage industry to keep up with rising demand.

Although current storage technologies benefit from incremental improvements each year, they are
not commercially viable in the long run [2]. Hard drives, which are still used for over half of all storage,
are approaching the end of their product lifetime [2]. While recent advances in the storage industry have
popularized high-speed mediums like NVMe SSDs, a large portion of demand is still for cold storage [3].
Cold storage refers to low cost, high-density storage used for keeping data that is not frequently accessed.
This paper explores which emerging technology has the most potential to disrupt the cold storage market.

The criteria chosen to evaluate each technology are storage density, throughput and commerciality.
Among the multitude of storage technologies in development today, quartz glass optical storage,
holographic storage and DNA storage stand out as the most promising solutions to keep up with
exponential demand for data storage.

Storage Technologies

The growing need for data storage has not gone unnoticed by large data corporations. Large scale data
storage in private and public datacenters represents the majority of all data storage, creating a very large
and profitable market for companies to compete in [1]. For this reason, many companies are investing
into research for new data storage technologies. Among these initiatives is Microsoft’s Project Silica, a
research group investigating the use of quartz glass as an optical storage medium [4]. Quartz glass optical
storage is a way to encode data on pieces of silica glass using specialized lasers and cameras to read and
write information. The process and characteristics are well known. Femtosecond laser pulses directed at
the glass to form tiny structures named voxels. These voxels can be made to vary in size and polarization,
effectively creating a 5-dimensional storage medium: the 5 dimensions are obtained by encoding data in
each voxel’s X, Y and Z coordinates, as well as its size and polarization. Since the size of the voxels are only
a few micrometers, a large amount of data can be encoded in a very small volume. Data can then be
extracted from the glass using specialized optical cameras, which can measure each voxel’s position, size
and polarization. One downside of this technology is that once data is written to the medium, it cannot
be erased or replaced. This is known as a write-once-read-many (WORM) medium [5].

One of the storage technologies competing with quartz glass optical storage is holographic storage.
Research into holographic storage commenced in the 1960s and is still ongoing today [6]. The fundamental
principle behind holographic storage is using light interference to encode data. In brief, data is first
encoded inside a data beam. Then, a reference laser beam is made to interfere with the data beam inside
a very thin sheet of photosensitive material called a hologram. The interfering beams leave a permanent
2-dimensional data pattern, called a page [7]. By using different reference beams and varying the
orientation of the material, multiple pages of data can be superimposed on top of each other. This process
is known as multiplexing, and it allows for large amounts of data to be encoded in a small volume [6]. To
read the data, the reference beam is focused back onto the hologram. The beam is diffracted by the
hologram in such a way that the original data beam is recreated and read by an optical sensor [6].



The final technology which holds promise in the future is DNA storage. The advances in DNA
sequencing and manipulation from other fields have allowed researchers to encode data into DNA. This
is done by using the four nucleobases of adenine, cytosine, guanine and thymine to represent data in a
base-4 system [8]. Data is written using DNA synthesis, which is the process of creating artificial DNA with
a specific arrangement of the four base pairs. The DNA can then be stored and read at a later date using
DNA sequencing, which consists of reading the base pairs and extracting the encoded information [8, 9].
This process of writing and reading data from DNA is quite complex, but it enables large quantities of data
to be stored in a very small volume.

Criteria

The first criterion investigated in this paper is storage density. Storage density refers to the amount of
data (in bytes) that can be stored in a storage device per unit volume or per unit mass. Data density is
critical in assessing the merit of a cold storage solution since datacenters need to fit as much data as
possible in the limited space available to them.

The second criterion to be evaluated is throughput. Throughput refers to the speed at which data can
be encoded into a storage device or decoded back, measured in bits per second. Throughput is not as
crucial as data density for cold storage because the data being stored does not need to be accessed often.
However, throughput is still an important factor to consider since it determines how long users must wait
for data to be securely stored or extracted when it is needed.

The final criterion in this paper is commerciality. In this context, commerciality is an indication of how
practical it would be to commercialize this technology and implement it on a world scale, assuming it has
developed past the prototype stage. There are no empirical measurements for this criterion, but some
important factors to consider are: lifespan of the medium, cost, energy consumption and equipment
needed to operate.

Analysis

Storage density. Of the three technologies proposed, DNA storage can achieve the largest storage
density. A paper from Erlich and Zielinski demonstrated an experimental storage density of 214 PB/g of
DNA (equivalent to roughly 130PB/cm?) by encoding and successfully recovering a series of digital files
[10]. The theoretical maximum for DNA storage density is over 400,000 PB/g, leaving a lot of room for
growth [11]. One of the main limiting factors to DNA storage density is the relatively high error rate which
occurs during both DNA synthesis and sequencing. Error-correcting techniques are used to ensure that
the data can still be read, but this comes at the cost of larger required file sizes and thus reduced storage
density [8].

Quartz glass optical storage has yielded experimental storage densities of 132 TB/inch®(8.25 TB/cm?3),
while some proposed methods are estimated to reach over 25TB/cm? [12, 13]. Despite these figures being
a large improvement over today’s technology (see Figure 1), it is still 4 orders of magnitude lower than
what has been shown by DNA storage. Holographic storage has produced experimental storage densities
of 50GB/cm?, and methods for 750GB/cm? have been proposed [6, 7]. These densities were measured in
terms of surface area rather than volume, because the holographic medium is extremely thin.

Figure 1 shows the relative storage density of these three technologies compared to the highest
storage density drives available today. DNA storage is by far the highest in terms of storage density. Quartz
glass optical storage still offers 2 order of magnitude improvement, while holographic storage is only one
order of magnitude ahead of today’s best commercial magnetic tape drives.
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Figure 1 Data storage density of competing technologies (experimental) relative to leading magnetic tape archival drive (Quantum
Ultrium 9) [14]

Throughput. When it comes to throughput, holographic storage has a significant edge over competing
solutions due to its multiplexing properties. Data from an entire page, which can be composed of several
million bytes, can be written or accessed simultaneously from the hologram [7], allowing Hoshizawa and
his team to develop a holographic storage system capable of over 1Gbps throughput [7]. Quartz glass
optical storage is also capable of simultaneous voxel reading using optical imagery, but it is not able to
write data simultaneously. Each voxel must be written individually, resulting in slower write speeds
compared to read speeds. However, the use of clever optics and light polarization techniques can mitigate
this effect considerably [13]. Slower write speed is not of crucial importance for archival storage, since
data only needs to be written once, and time is of higher importance when the data needs to be accessed.
In contrast, DNA storage currently suffers from completely impractical read and write speeds. DNA
synthesis is an incredibly complex process and still requires human intervention in most scenarios. Write
speeds are in the order of 1MB/hour, which is severely limiting even for archival storage [8]. A lot of
progress in DNA synthesis and sequencing needs to occur before the process can accelerate to a
reasonable level.

In summary, holographic storage offers the most compelling throughput in both read and write speeds.
Quartz glass optical storage offers competitive read speeds, but it falls slightly behind in write speeds
compared to holographic storage. Finally, the throughput of DNA is currently too low to offer any practical
use.

Commerciality. Holographic storage has many attributes that make relatively easy to commercialize. The
materials needed to create the hologram are inexpensive, and stored data can last for more than 50 years
without needing replacement [15]. Additionally, the technology requires no power when idle, and the
optical equipment needed to read and write data is compact. In fact, a commercial holographic storage
drive was launched by InPhase Technologies in 2008, demonstrating the ability to commercialize the



technology. Unfortunately, the product did not catch on due to the rapid improvements in other storage
technologies.

Quartz glass optical storage also offers promise to be adopted on a world scale. The quartz glass itself
is extremely cheap to manufacture and has a seemingly unlimited lifespan if kept in controlled conditions
[13]. This storage medium requires no power when idle but does consume significant power when writing
data. The equipment needed to operate is relatively expensive and takes the space equivalent to a 2U
server [5]. Although quartz glass optical storage might not be practical for small operations, it could still
offer a competitive solution to larger datacenters. By integrating and optimizing the technology in large
datacenters for mass storage, the cost of the technology can become very competitive compared to hard
drives or magnetic tape, which need to be periodically replaced [5].

DNA storage is the most difficult of the three technologies to commercialize. The current cost to
encode a single MB of data in DNA is in the thousands of dollars, and the equipment needed for both
reading and writing is not scalable with today’s technology [10]. However, once data is stored inside DNA,
itis incredibly stable and can be stored with no power [8].

Holographic storage is the only technology that can be commercialized with today’s technology. In the
near future, quartz glass optical storage can be implemented in large-scale operations, while DNA storage
needs several orders of magnitude of cost improvement before becoming competitive.

Discussion

There are some external factors to consider when looking at the three solutions holistically. Current
archival storage technologies, which include hard drives and magnetic tape, are still making incremental
improvements every few years. Holographic storage density was very compelling in the 1960s when it was
first proposed, but the technology seems to have stagnated in recent years, allowing hard disk commercial
technology to get very close to holographic storage in storage density. The significant technical challenges
that need to be overcome to commercialize holographic storage significantly outweigh the marginal
improvements the technology would bring to the storage industry.

Quartz glass optical storage also has significant challenges to overcome, but the potential rewards are
much greater than holographic storage. Datacenters use tiered storage solutions, keeping the most
frequently used data on high throughput storage, while a large portion of data is kept in cold storage. The
use of quartz glass optical storage for the bottom tier of a datacenter can result in several orders of
magnitude lower cost, making the investment today worthwhile. The prospect of having long term storage
that never needs replacement provides enough incentive to companies like Microsoft to invest this
technology.

DNA storage is in a unique position compared to other technologies. Unlike quartz glass and
holographic storage, DNA storage does not rely on direct investments for the technology to advance. DNA
sequencing and manipulation is at the heart of the fields of medicine, biology and others. Research on
DNA from other topics can indirectly contribute to improving DNA data storage. For example, research
into the human genome, genetically modified organisms (GMOs) and sequencing of DNA from fossils are
all actively studying DNA and are developing better tools to work with it. Bornholt et al. summarized the
inherent advantage of DNA storage by saying that “DNA-based storage [has] the benefit of eternal
relevance: as long as there is DNA-based life, there will be strong reasons to read and manipulate DNA”
[3, p. 637]. Even today, advances in DNA sequencing are surpassing Moore’s Law [3]. Therefore, it is not
impossible to conceive a future where DNA could be synthesized and sequenced several orders of
magnitudes cheaper and faster than it is today, which would make DNA storage a viable candidate for the
long term.



Conclusion

The rise in humanity’s data production is creating the need for new storage solutions. As of now, none of
the technologies discussed in this paper are ready to disrupt the data storage market. In the medium-near
future, quartz glass optical storage leads the way as the most promising future solution for large volume,
low access data storage. The technology strikes a good balance between high storage density, good
throughput and low cost, giving it the highest likelihood of disrupting the market. Looking far into the
future, research into DNA manipulation from other unrelated fields could make DNA storage a more
appealing solution due to its unrivaled data density. Although holographic storage showed promise during
its initial conception, current storage mediums are on pace to soon surpass it, making it the least likely to
become mainstream.

This paper only considered some data storage technologies for the specific purpose of cold storage.
The results in this paper came from laboratory conditions and theoretical calculations, which cannot be
directly applied to commercial use cases. However, given the rapid pace of technological innovation and
our unrelenting demand for more data storage, it seems inevitable that a new technology—quartz glass
optical or otherwise—will come to replace what is mainstream today and propel humanity into the next
age of digital information storage.
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