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Tingjun Chen
Electrical Engineering, Columbia University
http://www.columbia.edu/~tc2668
My research focuses on emerging Physical layer technologies and their interactions with the higher networking
layers in next-generation wireless networks and Internet-of-Things (IoT) systems. My goal is to increase network
capacity and data rates as well as reduce communication latency in these networks and systems, thereby supporting
a broad new class of real-time applications and network services.

Figure 1: A cross-layered view of my research: major areas, research methods, and main results (corresponding to the subsections below).

Bringing future wireless networks to reality requires significant research across all layers of the network stack.
As illustrated in Figure 1, my research focuses specifically on several critical components including full-duplex
wireless, the design and deployment of a city-scale wireless testbed, and the IoT, in both theoretical and experimental contexts. Using a cross-layered approach, I design practical, efficient, and scalable algorithms and systems,
and develop customized prototypes and testbeds to evaluate their performance. Some of the core research methods
and tools I use include modeling, measurements, optimization, algorithm and system design, and experimentation.
During my Ph.D. studies, I have had the privilege to collaborate with faculty, researchers, and students from
areas spanning networking, systems, communications, optimization, integrated circuits, and optics. I have benefited
immensely from these collaborations – I have learned to conduct interdisciplinary research and contribute new
ideas and novel solutions to different scientific communities. Looking forward, I will focus on adaptive, efficient,
and intelligent wireless networks at sub-6 GHz/millimeter-wave (mmWave) frequencies enabled by crossing the
barriers between theory and practice. I plan to enhance the performance and connectivity of wireless networks and
IoT systems by re-designing protocols at different layers and applying data-driven approaches. I am committed to
continuing my collaborative approach to research as I work on building an individual research vision and program.
Here I describe three major areas of my research: (1) the design, implementation, and optimization of compact
full-duplex radios and the performance improvements of full-duplex networks, (2) the design and deployment of the
city-scale COSMOS testbed along with supported experimentation on advanced wireless technologies coupled with
an optical x-haul network and edge cloud, and (3) algorithm design and system optimization for ultra-low-power
energy harvesting networks that support a wide range of IoT applications.

1. Full-Duplex Wireless
Full-duplex wireless – simultaneous transmission and reception on the same frequency – is a key technique that
can dramatically increase spectrum efficiency. The fundamental challenge associated with enabling full-duplex
wireless is the tremendous transmitter self-interference that leaks into the receiver, which is usually at least a billion
times (>90 dB) stronger than the desired signal and requires powerful self-interference cancellation. I focus on the
design, implementation, and optimization of compact full-duplex radios integrating self-interference cancellation
techniques grounded in integrated circuit (IC) implementations, and on the interactions between the Physical and
the higher layers in full-duplex networks (see Figure 2). This interdisciplinary research is in collaboration with the
Columbia high-Speed and Mm-wave IC (CoSMIC) lab within the Full-duplex wireless: From Integrated Circuits
to Networks (FlexICoN) project [1,2], where I am a student co-lead. I have made the following main contributions.
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a) Single-Antenna Compact Full-Duplex Radios: Enabling
wideband full-duplex wireless in small-form-factor devices requires novel self-interference cancellation techniques that are compatible to IC designs. To evaluate the
performance of IC-based full-duplex radios developed by
my collaborators, we designed and implemented two generations of RF self-interference cancellers using discrete
components on printed circuit boards. These cancellers
emulate their RFIC counterparts and allow for easier inte- Figure 2: An example network consisting of compact full-duplex
gration and system-level experimentation using software- radios (users) and full-duplex phased arrays (base stations).
defined radios. I constructed realistic canceller hardware models and devised efficient optimized canceller configuration schemes for real-time adaptation to environmental changes. In particular, the 2nd -generation full-duplex
radios presented in [3] leverage the technique of frequency-domain equalization to achieve significantly enhanced
cancellation performance (>50 dB RF self-interference cancellation across 20 MHz bandwidth) and bandwidth
(>5× improvement over the 1st -generation full-duplex radios presented in [4]). This canceller was recently integrated with a CMOS circulator to implement full-duplex radios with high power (e.g., multi-watt) handling [5].
The work in [3] won the First Place in the ACM MobiCom 2019 Student Research Competition and a demonstration of the work in [4] received the Honorable Mention Award at the 2016 NYC Media Lab’s Summit.
b) Multi-Antenna Full-Duplex Phased Arrays: Another important technology that can significantly increase signalto-noise ratio (SNR) and communication range is phased arrays employing analog beamforming – directional signal
transmission and reception utilizing spatial selectivity. Although combining full-duplex with phased arrays can provide increased data rates, it is challenging due to the large number of self-interference channels between each pair of
antennas, which result in O(N 2 ) hardware complexity, energy consumption, and powerful self-interference. In [6],
I developed efficient algorithms for obtaining the optimal transmit and receive analog beamforming weights (a.k.a.,
beamformers) that can achieve wideband RF self-interference cancellation with minimal beamforming performance
degradation, while improving full-duplex rate gains in small cell networks. The key insight is that in multi-antenna
systems, RF self-interference cancellation can be achieved in the spatial domain without any explicit analog/RF
circuits by repurposing beamforming degrees of freedom jointly across transmit and receive elements. I evaluated
this approach using realistic self-interference channel measurements, and showed that full-duplex phased arrays
can achieve significant rate gains with minimal beamforming gain losses. My collaborators and I also implemented
an 8-element full-duplex phased array RFIC [7] integrating my algorithms, where 100 dB overall self-interference
cancellation was achieved across the RF and digital domains at 100 mW average transmit power (WiFi-like) over
20 MHz bandwidth. The work in [6] was one of the ACM MobiHoc 2019 Best Paper Finalists and our research
proposal based on this idea was selected as a Qualcomm Innovation Fellowship Finalist.
c) Distributed Scheduling in Heterogeneous Half- and Full-Duplex Networks: Moving up in the network stack,
random access (e.g., WiFi-like) networks with full-duplex capabilities call for a novel design of the medium access
control (MAC) layer. This is due to the fact that introducing full-duplex users into legacy half-duplex networks
will result in unfairness to half-duplex users, given their different abilities in channel contention. To address this
challenge, in [8], I proposed a novel low-complexity Hybrid Greedy Maximal Scheduling (H-GMS) algorithm that
achieves throughput-optimality in a distributed manner. H-GMS is hybrid in the sense that it combines distributed
queue length-based scheduling and centralized greedy scheduling with different levels of centralization. The analytical and simulation results showed that H-GMS achieves 5–10× better delay performance and improved fairness
between half- and full-duplex users by up to 50% compared with state-of-the-art approaches.

2. City-Scale COSMOS Advanced Wireless Testbed
Evaluation and realization of emerging wireless technologies and the supported applications would benefit from a
large-scale experimental platform. The Cloud-enhanced Open Software-defined MObile wireless testbed for cityScale deployment (COSMOS) focuses on the technology “sweet spot” of ultra-high bandwidth and ultra-low latency, capabilities that allow researchers to conduct advanced wireless experiments. The COSMOS testbed is being
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deployed in West Harlem (see Figure 3) as part of the NSF Platforms for
Advanced Wireless Research (PAWR) program. I contributed to the design of the COSMOS testbed architecture and the deployment process [9].
I led and contributed to two of the COSMOS pilot experiments on fullduplex wireless and optical x-haul networking. Moreover, I lead the integration of the programmable mmWave radios and participate in the design
of the optical transport network. My main contributions are as follows.
a) Open-Access Full-Duplex Wireless: I developed and integrated the
1st -generation narrowband full-duplex radios in the ORBIT testbed [10].
More recently, I developed and integrated the 2nd -generation wideband
th
full-duplex radios [3] with significant performance improvements in the Figure 3: COSMOS pilot large node on an 18
floor rooftop, the wideband open-access fullCOSMOS testbed [11] (see Figure 3). These are the first open-access duplex radios integrated in the sandbox, and
full-duplex radios that allow remote experimental research. I also edge cloud servers with connections to radio
developed open-source programs and experiments that can be further ex- nodes and dark fiber deployed in New York City
tended to more complicated communication networking scenarios. Re- through the optical x-haul network.
searchers from around the world have started using these resources and a demonstration of the work in [10]
received the Creative Tech Award at the 2018 NYC Media Lab’s Summit.
b) Optical x-Haul Networking: A key building block of COSMOS is the programmable optical transport network
and its unique capability to emulate different optical front/mid/back-haul (x-haul) networks that can support a broad
range of converged optical-wireless/wired and edge cloud applications. To demonstrate this capability, my collaborators and I designed and prototyped cloud radio access network (C-RAN) and mobile edge cloud functionalities
using software-defined radios and dark fiber infrastructure deployed in New York City as part of the COSMOS optical network [12, 13] (see Figure 3). We implemented remote processing of digitized radio-over-fiber signals from
the wideband full-duplex radio described above, and dynamic optical switching for multicast video streaming and
C-RAN wireless handover through a customized software-defined networking (SDN) controller. We are integrating
this infrastructure with other COSMOS components such as the mmWave radios and heterogeneous computing.
c) mmWave Channel Measurements and Networking: mmWave radio signals experience higher path loss and are
more vulnerable to environmental changes (e.g., blockage and movement) compared to signals at sub-6 GHz. The
operation of mmWave networks therefore requires accurate channel models for specific deployment sites and understanding of the corresponding effects on the system-level performance. In collaboration with Nokia Bell Labs,
we conducted extensive 28 GHz channel measurements (over 24 million power measurements collected from over
1,500 links) within the COSMOS testbed area [14, 15], a representative urban street canyon environment. We use
the results to make decisions about the COSMOS testbed deployment and also to study resource allocation and
scheduling problems in mmWave networks at the higher layers. Moreover, I have been leading the integration of
the IBM 28 GHz programmable phased array antenna modules in COSMOS, and the experimentation on adaptive
beamforming, beam-steering, and beam-switching methods in a real dense urban environment.

3. IoT Applications & Ultra-Low-Power Energy Harvesting Networks
Future wireless networks will support IoT systems that connect massive numbers of objects equipped with sensors,
actuators, and tags. I worked on object tracking and monitoring applications enabled by ultra-low-power energy
harvesting wireless nodes. An example is active tags that can be attached to physical objects, harvest energy
from ambient sources, and then communicate tag-to-tag toward gateways. Because this reliance on node-to-node
communication requires less infrastructure than traditional (RFID/reader-based) systems, these ultra-low-power
nodes can enable ubiquitous connectivity and, in particular, facilitate tracking applications spanning healthcare and
smart building and agriculture. I worked as part of the Energy Harvesting Active Networked Tags (EnHANTs)
project at Columbia University and my main contributions are as follows.
a) Outage Minimization for Reliable Communications: My collaborators and I first focused on the performance
of wireless communications powered by energy harvesting from a theoretic point of view. In [16, 17], we studied,
for the first time, the outage minimization problem for wireless links in fading channels with energy harvesting
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transmitter and receiver. Using techniques from queueing theory, we developed optimal power control policies
with simple structural properties. The results are important for energy harvesting networks where successful and
reliable communication depends on both nodes of the link having sufficient energy to transmit and receive.
b) Neighbor Discovery Rate Maximization: I also investigated the specific application of neighbor discovery from
a practical perspective where nodes are constrained by limited power budgets. In [18], we presented the Power
Aware Neighbor Discovery - Asynchronously (Panda) protocol that maximizes the rate at which nodes discover
each other. Nodes running the Panda protocol follow an optimized pattern to transition between sleep, listen,
and transmit states while incorporating real hardware features and characteristics. We evaluated the Panda protocol
using both simulations and a customized testbed composed of ultra-low-power energy harvesting nodes and showed
that Panda outperforms related protocols by up to 3× in terms of the neighbor discovery rate.
c) Distributed Scheduling and Network Throughput Maximization: Although Panda outperforms other well-known
protocols, it is not clear how efficient it is when compared to the optimal case. I further explored this problem
in [19], where a general throughput maximization problem among a set of heterogeneous energy-constrained ultralow-power nodes was formulated. My analysis identified the theoretical fundamental limits of the rate at which
data can be exchanged between these nodes. I presented the Energy-constrained Broadcast (EconCast) protocol,
an efficient, practical, and fully distributed protocol that approaches maximum throughput in the limiting sense. I
extensively evaluated the performance of EconCast in both simulations and real-world experiments and showed that
EconCast outperforms other known protocols by up to an order of magnitude in realistic environments. The work
presented in [19] received the Best Paper Award at the ACM CoNEXT 2016 conference and I was selected to
present the results at the 6th Heidelberg Laureate Forum in 2018.

Ongoing and Future Research
I have made several theoretical and experimental contributions to full-duplex wireless, the design and deployment
of the COSMOS wireless testbed which integrates several components of my research, and to ultra-low-power
energy harvesting networks and the IoT. My research is characterized by the following themes:
• Technology and System Diversity: I experiment with a broad range of emerging technologies (e.g., full-duplex,
mmWave, and edge cloud) and build systems with diverse settings: from ultra-low-power and IoT networks to
the city-scale COSMOS advanced wireless testbed spanning wireless, wired, and optical networks.
• Cross-Layered Design Considerations: I design and optimize algorithms and systems across the network stack
from the Physical layer (emerging technologies and unique hardware characteristics) to the application layer.
• Connection between Theory and Practice: I bridge fundamental theory and practical systems that support realworld applications through experimental evaluation of the algorithms using customized prototypes and testbeds.
I will continue conducting interdisciplinary research spanning networking, systems, optimization, integrated
circuits, and optics, to improve and re-design protocols for future wireless networks and systems at different layers.
I will also apply data-driven approaches to support and enhance emerging networking applications. In the near
future, I will be tackling the following specific challenges:
1) Measurement- and Data-Driven Wireless Networking: Because wireless networks continue to evolve in the supported bandwidth and number of users, huge volumes of data will be generated from daily interactions between
devices and the environment. One example is the use of mmWave frequencies, which can support various applications requiring ultra-high bandwidth and ultra-low latency, for both small cells and commercial microwave links
in the fronthaul/backhaul in 5G networks and smart cities. I already started examining scheduling and resource
allocation problems in mmWave cellular networks leveraging environment-specific and learnable channel characteristics extracted from our measurement datasets [14,15]. In addition, I will develop predictive and learning-based
cross-layered control/management algorithms that will improve the reliability and robustness of mmWave x-haul
networks against weather-related changes. I believe that the synergy between wireless networking and data-driven
analytics can open up several promising research directions.
2) Ubiquitous Connectivity for Future Wireless Networks: My vision is to support ubiquitous tracking and monitoring applications in “battery-free” networks composed of ultra-lower-power tags. These applications, such as
supply chain management and intelligent agriculture, can be supported by (i) detection and localization of objects
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along with sensing of environments using ultra-low-power tags, and (ii) data-driven decision making based on the
collected data. In addition, I plan to work on improving mmWave communications by constructing an intelligent
environment with multi-antenna full-duplex repeaters. I will develop algorithms for these systems to enhance the
richness of mmWave channels and support synthetic MIMO operation. I will also focus on designing reliable
mmWave networks with ubiquitous connectivity for short-distance small cell mesh and long-distance hack-haul
that support fixed wireless and mobile broadband applications. This part is motivated by the interactions with
Facebook Research following the receipt of the 2019 Facebook Fellowship in Networking and Connectivity.
3) Converged Optical-Wireless Networking with Tightly Coupled Edge Cloud: My goal is to target C-RAN at sub6 GHz and mmWave frequencies to support real-time applications including virtual reality, video streaming, and
zero-delay operations for critical mobile health activities. In particular, I plan to explore resource allocation problems such as geographical and hierarchical placements of mobile edge cloud functionalities, as well as to optimize
the interactions between the edge cloud and the underlying fiber-optic networks. I will also investigate the confluence of learning techniques and edge computing, and develop algorithms to improve networking functionalities
such as MAC and wireless scheduling by moving their operations closer to the network edge.
I am excited to identify and address the challenges in the fascinating fields of future wireless networks and the
IoT. I am committed to advancing knowledge in these areas to connect fundamental theory to practical systems,
and ultimately to real-world applications.
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