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I am a Professor at Brown University in Providence RI. I am submitting this comment on behalf of
myself and my faculty colleagues at Brown University and several other US universities.
For over 20 years, my area of specialization has been the science and technology of sub-millimeter
and terahertz waves, and their uses in spectroscopy, imaging, and sensing. My colleagues and I feel very
strongly that this region of the spectrum is poised to have an enormous economic impact. This feeling is
based on the rapid pace of technological progress in the field, as well as the astounding acceleration in
recent interest on the part of many companies, both in the US and abroad. We feel that this impact will be
felt in many different areas. One obvious example in which submillimeter waves will play a crucial role is
the area of wireless communications; however, many other examples are in the works, with some already
in commercial deployment. We are submitting this comment to provide our perspectives about the
technological areas in which submillimeter or terahertz waves will play a critical role in the near future. It
is our hope that these considerations will inform the FCC’s future decisions regarding this fruitful region
of the electromagnetic spectrum.
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One key concern is in the area of future wireless technologies. It is clear that there is an upper
limit to the data transfer rates on existing networks, and that we are rapidly reaching that limit. It is also
clear that demands for so-called ‘big data’ will continue to grow exponentially for at least the next several
years (if not longer). This confluence of events will, without any doubt, overwhelm the capacity of
existing network infrastructure. One solution that is gaining favor among researchers, as well as groups
such as the IEEE 802.15 WPAN Terahertz Interest Group (IGTHz), is the idea of developing new
network capabilities, not to replace but to supplement the existing cellular architecture. These new
capabilities would rely on a higher carrier frequency, with a shorter range but massive (by current
standards) bandwidth for high-data-rate transmission. Modeling indicates that various bands within the
100 GHz – 1 THz range can be used in such applications, for backhaul between small cells, as well as for
bursty download links. This range of frequencies is simply better suited to transporting large data than the
already over-utilized frequencies in the 1-5 GHz range. Routing big data to a terahertz layer would
provide the opportunity to return much of the existing cellular spectrum currently tied up with data
delivery back to enhance the capacity of voice services. These frequencies would coexist and not interfere
with the existing cellular and Wi-Fi infrastructure. Crucially, because of the short propagation distances,
narrowly focused beams that are readily achieved at these frequencies due to their small wavelength, and
the opacity of most materials, these services would also not interfere with passive applications such as
earth observing or astronomy. Indeed, most uses of these frequencies involve indoor applications that
would be blocked by building materials from interfering with passive users, or involve outdoor
applications where beam patterns could be tightly restricted to the near horizontal plane to avoid
impacting passive users.
Evidently, fiber optics technology is cross-elastic for some of the envisioned communications
applications, and has low hardware cost today. However, there are many obvious situations in which a
wireless link is preferred or required. Moreover, fiber optic technology has highly variable installation
costs that can dominate in certain applications such as unexpected needs in highly urbanized areas. In
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such cases radio system can be installed much faster and at much lower costs even though optical systems
are less expensive generally. In the special case of restoring communications networks after a major
catastrophe these radio systems fill a niche with no other viable alternative. Finally, radio systems have
an intrinsic time latency advantage of about 30% due to the lower index of refraction of air versus the
glass material in fiber optics.
In addition to this vision for future wireless data services, a host of other applications using the
same spectral range are already in development, or in deployed use. Low-power short range terahertz
systems are already being used for sensing, imaging, package inspection, security, and quality control, in
a variety of manufacturing and process environments, both in the US and overseas, as well as in many
basic scientific studies involving spectroscopy and imaging. This technology space already includes a
number of companies in the US, both large and small, who sell systems that use terahertz radiation, and
their number is growing rapidly.

The ongoing advances in terahertz technologies, including rapid

developments in silicon CMOS-based solutions, quantum cascade lasers, and terahertz and submillimeter-wave components, will continue to accelerate these trends. All of this effort is driven by
compelling needs. There are many sensing and imaging tasks for which radiation in this spectral range is
simply the only solution; in other cases, terahertz imaging systems may provide a more cost-effective or
less hazardous alternative to other more conventional technologies such as x-ray imaging or beta gauges.
Terahertz imaging systems are projected to constitute a $0.5 billion market by 2021. Clearly, issues of
regulation and spectrum allocation will have a significant impact on US competitiveness in this
burgeoning technology space.
In 2017, my colleagues and I are planning to create a university-based center devoted to terahertz
science and technology. The goal of this Center will be to create collaborative research and development
projects between our academic partners and a group of industrial affiliates from the US and around the
world, all working towards the development of terahertz imaging and communications systems. For
example, we envision a ten-year goal of creating a commercially viable multi-node mobile wireless
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network operating in the sub-millimeter range. We will produce a diverse and highly skilled group of
students with a strong background in this technology area, to provide US companies with the trained
workforce necessary to sustain these efforts. Critically, this Center could also serve as a nexus for
conversations about spectrum allocation, regulation, health and safety considerations, and the
development of standards. We will invite all of the various stakeholders with concerns about future uses
of millimeter and sub-millimeter waves to engage in the Center. This will provide a central point from
which informed policy recommendations can be developed.
The goals for this technology are not merely “pie in the sky” visions of a few academics. For
example, the graph below shows a summary of recent research results (as of late 2016) from terahertz
wireless communications test beds around the world. This plot, adapted from reference [1] with the

Figure 1 – A summary of all of the recent experimental demonstrations of terahertz wireless links, plotted to
indicate the achieved data rate and carrier frequency used in each experiment. Each data point is labeled
according to the nationality of the authors. The point labeled “this work” refers to reference [1], from which this
plot was adapted with the assistance of its authors. Note that only two of these include co‐authors from the US.

[1] X. Yu, et al., IEEE Transactions on THz Science and Technology, vol. 6, p. 765 (2016).
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assistance of its authors, convincingly demonstrates two facts: (1) the field of terahertz wireless
communication research is active and growing, with rapid progress in the development of tools and
systems that can solve real-world problems; and (2) essentially all of this research is happening outside of
the US. This second fact is alarming, because US leadership in wireless technology is at risk, as is the
enormous economic benefit that has resulted from that leadership. Our competitors around the world are
running ahead in this technology arena. If we remain passive, then by the time these networks are ready
for commercial deployment, the US will no longer be the world’s leader, and the majority of the
economic impact will flow elsewhere.
Figure 1 represents merely one example illustrating the explosive growth in the terahertz field in
recent years, and the tremendous potential perceived by research communities around the world.
We must emphasize the important role played by agencies such as FCC in the future growth of
this technology in the US. A lack of clarity in the processes for spectrum allocation and the rules
regarding sale and use of terahertz equipment will undoubtedly inhibit innovation and commercial
growth. Even in the academic world, we are substantially impacted by this uncertainty. For example, the
Center effort mentioned above will only be successful with the active participation of companies who
stand to benefit from research collaborations, technology transfer, and access to a pool of trained students.
Yet, many companies may be reluctant to put resources into such collaborations when they perceive
regulatory roadblocks which would inhibit their future ability to exploit the fruits of those labors.
As the representative of this group of the nation’s foremost experts in terahertz and submillimeter-wave science and applications, I urge you to carefully consider all of the envisioned uses of
these technologies in your deliberations. Our strong opinion is that technologies which exploit terahertz
and submillimeter waves are poised to have a significant economic impact in the near future, creating jobs
and stoking innovation in the US and abroad. Federal agencies such as FCC are in a position to foster this
emerging area, to help restore and maintain our nation’s competitive position. With many exciting new
technologies on the near horizon, the time to begin this discussion is now.
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I and my colleagues are at your disposal as a resource for further information or discussions.
Respectfully,

Daniel Mittleman
Professor, School of Engineering
Brown University
184 Hope St., Box D
Providence RI 02912
Phone: (401) 863-9056
Email: daniel_mittleman@brown.edu

Gregory Aizin
Professor of Physics
Kingsborough College and the Graduate Center of the City University of New York
2001 Oriental Blvd.
Brooklyn NY 11235
Phone: (718) 368-5765
Email: gaizin@kbcc.cuny.edu

Aydin Babakhani
Director of Rice Integrated Systems and Circuits (RISC)
Louis Owen Junior Chair Assistant Professor of ECE
Rice University
6100 Main Street, M.S. 380
Houston TX 77005
Phone: (713) 348-3821
Email: aydin.babakhani@rice.edu

Mikhail Belkin
Associate Professor
General Motors Foundation Centennial Teaching Fellow
Department of Electrical and Computer Engineering
The University of Texas at Austin
Austin TX 78712
Phone: (512) 471-4424
Email: mbelkin@ece.utexas.edu
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Jonathan Bird
Professor, Department of Electrical Engineering
University at Buffalo, The State University of New York
230 Davis Hall
Buffalo NY 14260
Phone: (716) 645-1015
Email: jbird@buffalo.edu

Federico Capasso
Robert L. Wallace Professor of Applied Physics
Vinton Hayes Senior Research Fellow in Electrical Engineering
Harvard School of Engineering and Applied Sciences
Harvard University
Pierce Hall 205A
29 Oxford St.
Cambridge MA 02138
Phone: (617) 384-7611
Email: capasso@seas.harvard.edu

Erik Einarsson
Assistant Professor, Department of Electrical Engineering
University at Buffalo, The State University of New York
230 Davis Hall
Buffalo NY 14260
Phone: (716) 645-5089
Email: erikeina@buffalo.edu

Daniel R. Grischkowsky
Emeritus, Regents Professor and the Bellmon Professor of Optoelectronics
Oklahoma State University
College of Engineering, Architecture and Technology
School of Electrical and Computer Engineering
202 Engineering South
Stillwater Oklahoma 74078-5032
Phone: (405) 744-6622
Email: daniel.grischkowsky@okstate.edu
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Qing Hu
Distinguished Professor in EECS
Department of Electrical Engineering and Computer Science
Massachusetts Institute of Technology
Cambridge MA 02139
Phone: (617) 253-1573
Email: qhu@mit.edu

Josep Miquel Jornet
Assistant Professor, Department of Electrical Engineering
University at Buffalo, The State University of New York
222 Davis Hall
Buffalo NY 14260
Phone: (716) 645-1607
Email: jmjornet@buffalo.edu

Edward W. Knightly
Professor and Chair
Electrical and Computer Engineering Department
Rice University
6100 Main Street, M.S. 366
Houston TX 77005
Phone: (713) 348-5748
Email: knightly@rice.edu

Junichiro Kono
Professor
Department of Electrical and Computer Engineering
Department of Physics and Astronomy
Department of Materials Science and NanoEngineering
Rice University
6100 Main Street, M.S. 380
Houston TX 77005
Phone: (713) 348-2209
Email: kono@rice.edu
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Harish Krishnaswamy
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Columbia University
1300 S. W. Mudd
500 W 120th Street
New York NY 10027
Phone: (212) 854-8196
Email: harish@ee.columbia.edu

Lawrence Larson
Dean of Engineering
Brown University
Providence RI 02912
Phone: (401) 863-1422
Email: lawrence_larson@brown.edu

Willie J. Padilla
Professor, Department of Electrical and Computer Engineering
Duke University
110 Science Drive
Durham NC 27708
Phone: (919) 660-5220
Email: willie.padilla@duke.edu

Douglas T. Petkie
Department Head and Professor, Department of Physics
Worcester Polytechnic Institute
100 Institute Road
Worcester MA 01609-2280
Phone: (508) 831-5420
Email: dtpetkie@wpi.edu
Christopher Rose
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