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ABSTRACT

To support experimentation with full-duplex (FD) wireless, we re-
cently integrated two FlexICoN Gen-2 wideband FD radios in the
open-access, city-scale NSF PAWR COSMOS testbed. Each inte-
grated FD radio consists of an antenna, a customized Gen-2 RF
self-interference (SI) canceller box, a USRP software-defined ra-
dio, and a remotely accessible compute node. The RF SI canceller
box includes an RF canceller printed circuit board which emu-
lates an integrated circuit implementation based on the technique
of frequency-domain equalization. The Gen-2 canceller box can
achieve up to 50 dB RF SI cancellation across 20 MHz bandwidth.
In this demo, we present the design and implementation of the
open-acccess, remotely accessible FD radios that are integrated in
the indoor COSMOS Sandbox 2 at Columbia University. We also
demonstrate example experiments that are available to researchers,
where demo participants can observe the visualized performance
of the open-access FD radios.
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1 INTRODUCTION

Full-duplex (FD) wireless has drawn significant attention [1-5]
due to its potential to double the data rate at the physical layer
as well as to provide benefits at all other layers in the networking
stack. One of the main challenges associated with FD wireless is the
self-interference (SI) experienced by a radio as it simultaneously
transmits and receives on the same frequency. Therefore, at least
90 dB of SI cancellation (SIC) over the desired bandwidth is required,
across the antenna interface, and RF and digital domains.
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Figure 1: (a) The Gen-2 RF canceller box consisting of an antenna tuner, a cir-
culator, a Gen-2 RF canceller PCB, and a SUB-20 controller; (b) The Gen-2
canceller box connected to the USRP SDR and compute node (not shown in
the figure), which are integrated in the COSMOS Sandbox 2.
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Figure 2: COSMOS Sandbox 2 architecture, which includes (i) the remotely ac-
cessible console and two FD radios, each consisting of a USRP2 SDR and the
Gen-2 canceller box, connected to the FD compute node; (ii) other remotely
accessible SDRs used for experimentation with various technologies.

Within the Columbia FlexICoN project [6], we have been focus-
ing on the design and experimentation of FD radios and systems
grounded in integrated circuit (IC) implementations, which are
suitable for hand-held and form-factor-constrained devices [7-10].
To facilitate research in this area and allow remote experimenta-
tion, we previously integrated a FlexICoN 15t-generation (Gen-1)
narrowband RF canceller box with a software-defined radio (SDR)
in the open-access ORBIT testbed [11-13]. The Gen-1 canceller box
consists of a printed circuit board (PCB) canceller emulating the
original IC implementation [8], which provides an easy interface
to the SDR platform. This Gen-1 canceller box can achieve 40 dB
RF SIC across 5 MHz bandwidth [11].

More recently, we presented the FlexICoN 2"“-generation (Gen-
2) wideband RF canceller in [14]. This canceller is based on the
technique of frequency-domain equalization (FDE), and achieves
up to 50 dB RF SIC across 20 MHz bandwidth. In this demo, we
present the integration of the Gen-2 canceller box in the open-
access NSF PAWR COSMOS testbed, which is being deployed in
West Harlem, New York City [11, 15, 16]. We also present example
experiments that can be run and modified by other experimenters.
A full tutorial on how to access the FD radios and run experiments
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Figure 3: Node-level self-interference cancellation (SIC) performance: (i) power spectrum of the received signal after SIC in the RF and digital domains, with -5 dBm
average Tx power and -89 dBm receiver noise floor; (ii), (iii) time domain signals after RF and after digital SIC; (iv) digital SIC filter taps (the estimated SI channel).
The carrier frequency used is the 915 MHz ISM band and the bandwidth is 12.5 MHz, currently limited by the USRP model and available compute resources.

is available [17], alongside the open-source hardware and soft-
ware [18]. A detailed discussion of the Gen-2 canceller integration
in COSMOS can be found at [11]. We believe that the integrated
FD radios and example experiments can facilitate further research
in the area of FD wireless.

2 THE GEN-2 WIDEBAND FD RADIO

The Gen-2 canceller box integrated in COSMOS Sandbox 2 (see
Fig. 1(a)) consists of several components: an antenna tuner, a circu-
lator, the Gen-2 FDE-based RF canceller, and a SUB-20 controller. It
is connected to a USRP SDR (model USRP2) as shown in Fig. 1(b).
Fig. 2 shows the architecture of COSMOS Sandbox 2, where both
the canceller box and SDR are connected to a remotely accessible
compute node through the COSMOS network.

Gen-2 RF Canceller. The circulator provides 15-25 dB of isolation
between the USRP Tx and Rx. This means that the received SI can
be very strong, and thus cause the LNA and ADC of the Rx chain to
operate in a nonlinear regime. As nonlinearity and clipping would
negatively impact digital SIC, it is crucial to achieve sufficient SIC
in the RF domain. Details and tradeoffs for the circuit implementa-
tion of the Gen-2 RF canceller can be found in [14]. In particular,
the Gen-2 RF canceller PCB operates around the 915 MHz carrier
frequency, and has 11 tunable components that are programmed
over SPI via the SUB-20 controller [19].

Compute Node. The Gen-2 FD radios are connected to a remotely
accessible compute node which runs Ubuntu 16.04, GNU Radio 3.7,
and UHD 3.14 [20, 21]. Other more powerful COSMOS servers with
heterogenous computing resources will be used in the future.

3 REMOTE-ACCESSED REAL-TIME DEMO

Below, we present three example real-time experiments that are
available to the community.

Experiment 1: Real-Time Digital SIC. This real-time demonstra-
tion shows the level of achievable SIC for one FD radio transmitting
OFDM-like packets [22]. Experimenters are able to generate differ-
ent RF SIC profiles for the Gen-2 RF canceller through the GNU

Radio graphical user interface (GUI). Demo participants will be
able to observe the visualized SIC achieved in the RF and digital
domains. Real-time performance is achieved by customized GNU
Radio out-of-tree (OOT) blocks implemented in C++ for controlling
the SUB-20 and performing digital SIC. Digital SIC is performed
by a time-domain least-squares estimation of the SI channel using
pilot symbols [14], and Fig. 3 shows that an overall SIC of over
80 dB is achieved across 12.5 MHz bandwidth. In the future, we will
replace the USRP2s with the higher performance USRP 2974s [23],
which are expected to improve the overall SIC to at least 90 dB.
Experiment 2: Real-Time OFDM Link. The two integrated Gen-
2 wideband FD radios are synchronized over a MIMO cable, and
can be used by the experimenter in an FD link. By using the GNU
Radio OFDM blocks [20], this experiment implements real-time,
packet-level SIC for both radios and allows for a real-time FD link.
Demo participants will observe: (i) the successfully decoded OFDM
packets, (ii) the digital SIC filter taps, and (iii) the power spectrum
of the received signal after each SIC stage.

Experiment 3: Real-Time Packet Reception Ratio (PRR). The
real-time OFDM link also allows the experimenter to measure the
link-level packet reception ratio (PRR), which is calculated as the
percentage of transmitted packets that are successfully decoded
at each radio. Demo participants will be able to observe key mea-
surements visualized, including: (i) the packet-level signal-to-noise
ratio (SNR), (ii) the real-time PRR, and (iii, iv) the constellations
and error vector magnitude (EVM) of the received signal.

The GNU Radio implementation of these experiments is avail-
able at [18] and can be easily modified to support experiments in
different scenarios. As an example, our customized digital SIC block
could be replaced with a block implementing a different algorithm.
We anticipate that these experiments can provide a basis for further
remote experimentation by the research community.
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