


time-division duplexing (TDD), or in different frequency

bands, known as frequency-division duplexing (FDD).

Over the past decade, however, significant attention has

been given to full-duplex (FD) wireless communication, an

emerging paradigm that enables the simultaneous transmis-

sion and reception (STAR) of radio signals on the same

frequency, thereby providing many potential benefits in-

cluding improved spectrum efficiency, higher data rates,

and reduced communication latency (Duarte et al., 2012;

Bharadia et al., 2013; Sabharwal et al., 2014; Zhang et al.,

2015; Kim et al., 2015; Krishnaswamy & Zussman, 2016;

Kolodziej et al., 2019; Chen et al., 2021; Smida et al., 2023;

Nagulu et al., 2024).

The main challenge in realizing FD communication sys-

tems is the presence of the strong self-interference (SI)

signal leaking from the radio’s transmitter (Tx) to its re-

ceiver (Rx), which can often be 70 – 110 dB more powerful

than the desired signal from a different, more distant trans-

mitter. This problem is further compounded by long delay

spreads in the SI channel, resulting in substantial frequency

dispersion, as well as shifts in the SI channel response due

to changes in the electromagnetic environment. To address

these challenges, multi-domain SI cancellation (SIC) tech-

niques have been proposed that include antenna interface

isolation, analog RF cancellation, and digital domain algo-

rithms, as depicted in Figure 1.

Recently, particular attention has been given to bench-

top implementations using both commercial off-the-

shelf (COTS) components and custom hardware (Nagulu

et al., 2024), including the use of software-defined ra-

dios (SDR) and GNU Radio for control and signal pro-

cessing (Kohli et al., 2021). This paper aims to provide

an overview of the design considerations and techniques

for implementing FD using GNU Radio and SDRs in con-

junction with FD frontends based on integrated circuit (IC)

implementations, using experience gained over three gen-

erations of FD radio design as part of the Full-Duplex Wire-

less: From Integrated Circuits to Networks (FlexICoN)

project at Columbia University (FlexICoN, 2024). The mo-

tivations and outcomes of the FlexICoN project, including

the three generations of FD radios, will be discussed in Sec-

tion 2. We build on this over the next several sections with

analyses and discussions of individual functions within the

FD transceiver architecture. Section 3 describes the trans-

mit and receive signal chains, focusing on the encapsula-

tion and unwrapping, respectively, of the data packets to

allow for FD communication. Section 4 follows up by dis-

cussing how the SI channel can be estimated from received

packets and the application of digital SIC to the received

stream. Section 5 then describes the mechanism for con-

trolling and communicating across these functions, includ-

ing between GNU Radio and the FD frontend hardware,

to ensure that the system functions properly across differ-

ent system states including initialization and canceller op-

timization. Section 6 discusses the integration of FD hard-

ware in the ORBIT and NSF PAWR COSMOS testbeds.

Finally, Section 7 concludes this article.

2. The FlexICoN Project

Despite the recent progress in the development of bench-

top FD radios, the use of COTS components results in large

transceivers that are not suitable for small-form-factor mo-

bile and handheld applications. As a result, the FlexICoN

project was started at Columbia University to address both

the need to design compact IC-based analog RF cancellers

and the cross-layer challenges (PHY and MAC) that stem

from such implementations (FlexICoN, 2024).

The analog cancellation stage is necessary as the initial

antenna interface isolation alone is insufficient to avoid

saturation and signal desensitization at the Rx (Nagulu

et al., 2024). In general, there are three classes of ana-

log RF cancellers: phase- and amplitude-based (P&A)

cancellers, time-domain equalization-based (TDE) can-

cellers, and frequency-domain equalization-based (FDE)

cancellers (Chen et al., 2021). Three “generations” of FD

radios were designed around these three classes, with each

being implemented as a configurable RFIC to serve as the

frontend of the radio. The three generations of FD radios,

shown in Figure 2, are described in the remainder of this

section; their characteristics are summarized in Table 1.

2.1. Gen-1 FD Radio

The Gen-1 FD radio was developed around a P&A RFIC

canceller consisting of a single filter tap with configurable

attenuation and phase parameters (Zhou et al., 2014). The

canceller’s ideal transfer function is given by

HP&A
Gen-1(f) = αe−jϕ, (1)

in which α and ϕ are the configurable, frequency-

independent amplitude and phase parameters, respectively.

The amplitude can be tuned from a range of 0 – 37.5 dB
in intervals of 0.25 dB (four-bit resolution); the phase can

be tuned across the full 360◦ range in intervals of approxi-

mately 1.5◦ (eight-bit resolution) (Chen et al., 2016).

The implemented Gen-1 FD radio, shown in Figure 2a,

Category # Taps Bandwidth

Gen-1 FD Radio P&A 1 5MHz
Gen-2 FD Radio FDE 2 20MHz
Gen-3 FD Radio TDE 16 >50MHz

Table 1. Summary and comparison of three generations of FD ra-

dios developed as part of the Columbia FlexICoN project.



(a) Gen-1 P&A FD radio (b) Gen-2 FDE FD radio (c) Gen-3 TDE FD radio

Figure 2. Three generations of FD radios using hardware developed as part of the Columbia FlexICoN project.

uses a custom PCB-based RF SI canceller that emulates the

RFIC canceller using discrete components. The canceller

PCB is paired with a circulator-based shared-antenna in-

terface to make up the FD frontend, which is connected to

a National Instruments (NI) Universal Software Radio Pe-

ripheral (USRP) controlled from a computer running GNU

Radio. A SUB-20 multi-interface USB adapter (DIMAX)

is used to control the FD frontend from the computer;

through a GNU Radio GUI, a user has control over all the

configuration parameters needed to program the canceller

PCB and an antenna tuner1 over SPI. When optimally con-

figured, the P&A-based PCB canceller can achieve 43 dB
of RF SIC across a 5MHz bandwidth. The integration of

the Gen-1 FD radio in the open-access ORBIT and COS-

MOS testbed is discussed in Section 6.1.

2.2. Gen-2 FD Radio

The Gen-2 FD radio was developed around a FDE RFIC

canceller consisting of two configurable, parallel bandpass

filter (BPF) taps (Zhou et al., 2015). The canceller’s ideal

transfer function is given by

HFDE
Gen-2(f) =

2
∑

n=1

Ane
−jϕn

1− jQn

(

fc,n
f

− f
fc,n

) , (2)

where An and ϕn are the configurable amplitude and phase

parameters applied to the nth BPF tap with center frequency

fc,n and quality factor Qn, both of which are likewise con-

figurable. Each tap, therefore, has four degrees of freedom,

allowing one to shape the canceller response not only in

amplitude and phase but also in the slopes of the ampli-

tude and phase (i.e., group delay), providing a significant

advancement over the P&A canceller (Chen et al., 2019).

1Positioned between the circulator and the antenna to improve
impedance matching.

The Gen-2 system, shown in Figure 2b, builds on the im-

plementation of the Gen-1 system, using a PCB equiva-

lent to the Gen-2 canceller IC as part of the FD frontend.

The system uses a circulator-based shared-antenna inter-

face and is connected to an NI USRP, controlled from a

computer running GNU Radio and interfacing with both

the canceller PCB and the antenna tuner using a SUB-20

device. When optimally configured, the FDE-based PCB

canceller can achieve 50 dB of RF SIC across a 20MHz
bandwidth. The integration of the Gen-2 FD radio in the

open-access COSMOS testbed is discussed in Section 6.2.

2.3. Gen-3 FD Radio

The Gen-3 FD radio was developed around a TDE RFIC

canceller, featuring sixteen parallel time-domain RF fil-

ter taps with configurable gain and delay (Nagulu et al.,

2021).2 The canceller’s ideal transfer function is given by

HTDE
Gen-3(f) =

16
∑

n=1

αne
−j2πfτn , (3)

where αn and τn are the configurable gain and delay pa-

rameters for tap n. It should be noted that this is effec-

tively a multi-tap generalization of the P&A canceller re-

sponse described in Section 2.1, in which the phase param-

eter is determined by a configurable delay and is therefore

no longer frequency-independent.

The sixteen filter taps are comprised of one zero-delay tap,

five low-delay taps with eight possible delay values ranging

from 0 ps to 1.75 ns, and ten high-delay taps with thirty-

two possible delay values ranging from 0 ps to 7.75 ns, all

in increments of 250 ps (Nagulu et al., 2021). Selecting the

2The RFIC canceller also features a secondary cancellation
stage with eight configurable, complex-weighted baseband filter
taps; however, this is bypassed in the Gen-3 radio implementation
and will not be discussed herein.





channel is greater than the length of a timeslot, buffering

the transmitted packets is necessary to ensure proper data

alignment for digital SIC.

INTER-NODE SYNCHRONIZATION

Once both FD radios in a link have synchronized their inter-

nal transmit and receive streams, they need to synchronize

their transmissions with each other so that the packets over-

lap appropriately (i.e., with non-overlapping pilot slots and

overlapping payloads, as shown in Figure 3). This requires

one of the two nodes to act as a primary node, to which

the other node will synchronize. The primary transmits an

initial packet, and the secondary (which remains silent) de-

termines at what point in the timeslot the packet is received.

The secondary then adjusts its zero padding allocation such

that its transmitted packets will coincide with the primary’s

transmitted packets.

This baseline algorithm is presented in Algorithm 2; ad-

ditional control mechanisms, such as acknowledgment of

synchronization, can be introduced to improve the reliabil-

ity of the synchronization. This process can scale for net-

works consisting of multiple FD nodes in the same manner,

with the primary node broadcasting the initial packet to all

nodes; in situations where certain FD nodes are outside of

the primary node’s range, nodes can take turns as the pri-

mary to ensure full coverage.

Algorithm 2 Inter-Node Synchronization

Require: Intra-node synchronization complete

1: if Primary node then

2: Transmit packet at τT1

3: end if

4: if Secondary node then

5: Receive packet at τR1

6: Update padding to transmit at τR1

7: end if

4. SI Channel Processing

As stated in Section 3.1, one of the primary tasks of the pi-

lot symbols and assigned pilot slots is to ensure that the

SI channel can be measured and estimated with high fi-

delity. The channel measurements are used as inputs to

algorithms for configuring the FD frontend hardware and

for digital SIC. As each packet is received, new channel

measurements are obtained, thereby allowing a system to

dynamically track and adapt to the SI channel as it changes

due to fluctuations in the electromagnetic environment.

4.1. SI Channel Estimation

Once extracted from the received packet, the users’ pi-

lot symbols are a product of the residual SI channel af-

ter the isolation and analog cancellation stages; as such,

traditional signal processing methods can estimate the SI

channel response from the received symbols. One low-

complexity approach employs the least-squares (LS) al-

gorithm to estimate the SI channel in the frequency do-

main (Jain et al., 2011). This method is particularly well-

suited for OFDM-based transmission schemes, such as the

IEEE 802.11 Wi-Fi standard (Bloessl et al., 2013), as in-

dividual subcarriers are encoded with predefined training

symbols that are known to the device at transmission time.

Specifically, let X = (X[0], . . . , X[N − 1]) be a single pi-

lot symbol, defined as a frequency-domain vector across

N subcarriers, and assume that the symbol is repeated

M times within the FD radio’s allocated pilot slot.3 Let

Y(m),m = 1, . . . ,M be the corresponding received signal

consisting of the same pilot symbols after the SI channel.

Then, the frequency-domain LS estimate of the SI channel

ĤSI at subcarrier k is

ĤSI[k] =
1

M

[

1

X[k]

(

M
∑

m=1

Y (m)[k]

)]

. (4)

An important factor that must be taken into account when

performing channel estimation is the effect of sub-sample

delay between the Tx and Rx signal processing chains’

clocks in the USRP. As the Tx and Rx clocks, operating

at the sampling frequency set in GNU Radio, do not nec-

essarily start up on the same master clock cycle, there is a

random phase offset between the transmitted and received

streams which inhibits consistent measurements of the SI

channel across different GNU Radio runs and must be cor-

rected for consistent behavior and performance.

As the sampling rate fs of the USRP must be an integer

divisor of the master clock rate fc, assuming that the syn-

chronization is correct to the nearest sample, the random

phase offset takes the form

φ = 2πk(fs/fc), k ∈ {0, 1, . . . , (fc/fs)− 1}. (5)

To correct for this phase offset, a “base state” where the

SI channel is known to be consistent needs to be defined;

in the case of configurable FD frontends, this can be the

state when the analog RF canceller is disabled, ensuring a

more powerful and consistent SI signal that is less affected

by surrounding noise. The phase offset can be estimated

as the group delay of the SI channel response at the base

state, thereby achieving a maximally flat group delay after

correction. This value is then used as a reference for cor-

recting all subsequent SI channel response estimates in the

same experimental run. Still, it must be recomputed when-

3Symbol repetition is not necessary, but rather presented as a
simplification of the model, as different symbols can be employed
in the same slot.





Once all these tasks are achieved, only then can the FD

radio begin its routine performance, including analog can-

celler optimization and digital SIC. It should be noted that

this sequence must be repeated whenever UHD errors oc-

cur, as they result in random delays within the SDR’s signal

processing chain; the controller listens for such messages

from the USRP Sink to retrigger the initialization sequence

across the rest of the blocks in the flowgraph.

5.2. Canceller Optimization

Once the FD radio is in a state where all of the streams

are synchronized properly, and the blocks are operating in

a steady state mode, the canceller can begin to optimize

the analog canceller to maximize RF SIC and enable re-

ception while communicating in FD mode. Different al-

gorithms for tuning the cancellers have been proposed and

implemented for the three generations of FD radios (Krish-

naswamy et al., 2016; Chen et al., 2019; Levin et al., 2024),

and are outside the scope of this work. In each implemen-

tation, the controller iteratively receives an estimate of the

SI channel from the channel estimation block, using it to

compute and set a new configuration for the canceller, as

shown in Algorithm 4.

Configuring the analog canceller requires a device to inter-

face between the computer running GNU Radio and the

canceller hardware, which is controlled over SPI. In the

Gen-1 and Gen-2 FD radios, this is accomplished using a

SUB-20 device (DIMAX) connected to the computer over

USB. The Gen-3 FD radio can either use an FPGA (Xilinx,

2018) or an Arduino Mega 2560 (Arduino) as the interface,

selected by a PCB-mounted switch; furthermore, the con-

figuration computation is offloaded to the FPGA, with the

controller block communicating the SI channel information

to the controller and receiving the configuration state infor-

mation back for logging. In all three radios, it is also pos-

sible to bypass the optimization stage entirely, with tools

available to pre-load a known configuration directly onto

the canceller if desired.

Digital SIC is performed in parallel to analog cancellation

Algorithm 4 Canceller Optimization

1: Estimate SI channel ▷ Equation 4

2: Compute initial configuration

3: loop

4: Configure RFIC canceller

5: Estimate SI channel ▷ Equation 4

6: Compute configuration adjustment

7: if UHD Error then

8: Restart initialization ▷ Algorithm 3

9: end if

10: end loop

and can employ its own adaptive algorithms, as discussed

in Section 4.2. Co-optimizing analog and digital SIC is

an active field of research, and can be facilitated using the

control systems described in this section.

6. Testbed Integration

To aid the community’s efforts in evaluating the higher-

layer impacts of FD wireless, we integrated two genera-

tions of FD radios in the open-access ORBIT and COS-

MOS wireless testbeds (ORBIT, 2003; COSMOS, 2019;

Kohli et al., 2021). The ORBIT and COSMOS testbeds are

remotely accessible experimentation resources available to

the broader research community, alleviating the need to de-

velop or purchase FD-capable hardware and SDRs. The

process for remotely accessing the FD radios is identical

for the two testbeds: the user logs into the testbed console

from their local machine using SSH, and X11 forwarding

is used to interface with the GNU Radio GUI.

The FD nodes within the ORBIT and COSMOS testbeds

are located in indoor laboratories, in which the temperature

and interference levels are generally stable and the only

major source of fluctuation in the electromagnetic environ-

ment due to the movement of people within. The experi-

ments run in real-time on the testbed, allowing users to ob-

serve results visualized in GNU Radio without the need for

offline processing. Several example experiments have been

developed and are available for immediate use; a tutorial

for interacting with the FD testbeds can be found at (COS-

MOS, 2024).

6.1. Gen-1 FD Radio Integration

A Gen-1 FD radio is integrated into the ORBIT main

grid, labeled node11-10, as shown in Figure 5. The

FD frontend is connected to a USRP N210 SDR, and uses

Figure 5. The Gen-1 FD radio integrated into the ORBIT testbed.



(a) The mobile Gen-1 FD radio. (b) One of the four Gen-2 FD radios.

Figure 6. Two generations of FD radios integrated into the COSMOS wireless testbed.

an Apex II multi-band antenna. The USRP has a receiver

noise floor of −86 dBm at a 10MHz bandwidth, operat-

ing at a center frequency of 900MHz. A node image is

available with updated GNU Radio OOT modules and ex-

periments. Other HD nodes in the testbed may be used in

parallel to the Gen-1 FD radio to create a heterogeneous

wireless link where one radio operates in FD mode.

As experimentation with mobile user equipment (UE) op-

erating in FD mode is of interest, we have fabricated a

prototype mobile Gen-1 FD radio consisting of the Gen-

1 FD frontend, USRP B205mini-i SDR, and an Intel NUC

8i7BEH, as shown in Figure 6a. The entire mobile setup

(including the radio, the computer, and peripheral equip-

ment) can be powered by a portable battery, and can sup-

port real-time FD operation up to 5MHz bandwidth.

6.2. Gen-2 FD Radio Integration

Four Gen-2 FD radios are integrated into the Sandbox 2

domain in the COSMOS testbed, as shown in Figure 6b.

They are mounted on the corners of a 4.5m × 3.5m rect-

angle within a square laboratory room, where they are con-

nected to two USRP X310 SDRs with SBX-120 RF daugh-

terboards. The SDRs and Gen-2 FD radios are connected

to two Dell R740 COSMOS servers via 10Gbit/s network

links. As with the ORBIT FD testbed, server node images

are available with updated GNU Radio OOT modules and

experiments.

GEN-2 SIC DATASET

We have published a dataset consisting of data packets

transmitted using the Gen-2 FD radios and their corre-

sponding residual SI after RF SIC, which can be ac-

cessed through the COSMOS dataset repository (COS-

MOS, 2023). The objective of this dataset is to provide

ready-to-use data traces to support the development of FD-

related algorithms, including digital SIC and other DSP ap-

plications. We provide an example MATLAB script that

implements the linear digital SIC algorithm described in

Equation 7.

Every experimental run is represented by two binary files,

one each for the transmitted and received baseband data,

with each run consisting of at least 100 data packets. There

are a total of twelve experimental runs across three band-

widths (5 MHz, 10 MHz, and 20 MHz) using each of the

four testbed radios. The transmitted data packets are QPSK

3/4-modulated 802.11a packets, and the received power af-

ter RF SIC is between −40 to −50 dBm and the USRP

noise floor is −80 dBm at a 20MHz bandwidth.

7. Conclusion

In conclusion, this work provides a discussion of the chal-

lenges and approaches to implementing IC-based FD wire-

less using GNU Radio, as was accomplished throughout

the research conducted by the FlexICoN project. We pre-

sented three generations of FD radios, each utilizing a dif-

ferent class of configurable analog RF canceller. The re-

mainder of the paper discussed the different functions and

processes needed to enable FD wireless communication,

including the transmission/reception signal chains, the pro-

cessing of received packets in order to estimate the SI chan-

nel and perform digital SIC, the control mechanisms for en-

suring proper operation within the GNU Radio flowgraph

and communication with external hardware, and larger in-

tegration into open-access wireless testbeds for higher-

layer experimentation.
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