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AbstrAct

Full-duplex radio has potential to double spec-
tral efficiency by simultaneously transmitting and 
receiving signals in the same frequency band, 
but at the expense of additional hardware and 
power consumption for self-interference cancel-
lation. Hence, the deployment of a full-duplex 
cellular network can be realized by employing 
full-duplex functionality only at an eNodeB, 
which is supposed to have sufficient computation 
and power resources, and by scheduling pairs of 
half-duplex UEs that are in either downlink or 
uplink. By doing so, fast and smooth full-duplex 
deployment is possible while minimally affect-
ing the legacy UEs and the rest of the network 
entities. In this article, we provide technical 
challenges and solutions for an LTE-compatible 
full-duplex cellular network, featuring wideband 
and wide dynamic range support for RF self-in-
terference cancellation, and robust and efficient 
self-interference channel estimation for digital 
self-interference cancellation. Based on a realistic 
LTE-based cellular model, our full-duplex radio 
design is evaluated through system-level simula-
tions and real-world testbed experiments. Simu-
lation results show that a significant throughput 
gain can be achieved by the full-duplex tech-
nique despite the existence of physical limiting 
factors such as path loss, fading, and other-cell 
interference. Testbed measurements reveal that 
at a bandwidth of 20 MHz, self-interference 
cancellation up to 37 dB is achieved in the RF 
domain, and most of the residual self-interfer-
ence is further cancelled down to the noise floor 
in the subsequent digital domain.

IntroductIon
The explosion of wireless data traffic leads to 
an exponential increase in the target data rate 
requirements of the fifth generation (5G) wire-
less cellular networks. A 5G network is expected 
to provide 1000-fold capacity gains compared 
to the existing 4G networks such as 3GPP Long 
Term Evolution (LTE) and LTE-Advanced (LTE-A) 
systems [1].

The highly demanding capacity requirements 
of a 5G network can be met by a combina-
tion of increasing cell density, utilizing formerly 
unused spectrum, and improving spectral effi-
ciency. Among them, full-duplex transmission 
has recently drawn much attention as a means 

of potentially doubling spectral efficiency by 
simultaneously transmitting both the downlink 
and uplink signals in the same frequency band, 
which is a prominent advantage compared to 
the conventional half-duplex schemes such as 
frequency-division duplex (FDD) and time-divi-
sion duplex (TDD).

One of the key challenging issues for full-du-
plex radio is the existence of strong self-interfer-
ence from the transmit to receiver chains. The 
self-interference comes from imperfect isolation 
between the transmit and receive paths and 
reflections from nearby scatterers. It is usual-
ly much stronger than the desired received sig-
nal, sometimes even 100 dB or so stronger [2]. 
Thus, such self-interference should be mitigated 
before processing the received signals. Other-
wise, any information contained in the received 
signal cannot be properly decoded. In this regard, 
there have been various attempts to suppress or 
cancel the self-interference in the RF and digital 
domains [3–5]. Kim et al. presented a point-to-
point full-duplex scheme based on polarization-di-
vision duplexing [3]. Bharadia et al. implemented 
a full-duplex WiFi radio using analog and digital 
self-interference cancellation techniques [4]. Huu-
sari et al. developed a wideband RF self-interfer-
ence cancellation circuit having self-adaptive and 
self-healing features [5].

Different from the above prior works dealing 
with point-to-point and WiFi links, an attempt 
to apply full-duplex transmission into a cellular 
network was recently reported in [6], where the 
self-interference cancellation for full-duplex trans-
mission is performed only at the eNodeB (i.e., 
base station) while the user equipments (UEs) 
are limited to half-duplex transmissions. Com-
bined with an appropriate UE scheduling strate-
gy, this scheme achieves a significant full-duplex 
gain. Based on this, we further improve the eNo-
deB-side only full-duplex scheme with the aim of 
ensuring compatibility with the existing LTE and 
LTE-A systems. Therefore, we expect a fast and 
smooth deployment of the full-duplex radio with 
minimal impact on the legacy UEs and the rest of 
the network entities.

Hence, in this article, we suggest system 
architecture and enabling technologies for the 
full-duplex support in an LTE-compatible cellular 
network, including:
• Identifying a system description with deploy-

ment scenarios and requirements
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• Providing some important implementation
challenges and solutions focusing on the
wideband and wide dynamic range RF
self-interference cancellation and the robust
and efficient digital self-interference cancel-
lation with special consideration of the com-
patibility with LTE systems

• Evaluating the system-level performance
under the existence of physical factors such
as path loss, fading, and other-cell interfer-
ence

• Describing the LTE-compatible full-duplex
testbed and evaluating its real-world perfor-
mance.
system descrIptIon And requIrements

network model And deployment scenArIo
We consider a full-duplex cellular system based 
on the LTE/LTE-A standard where each cell con-
sists of an eNodeB and multiple UEs, as seen in 
Fig. 1. The full-duplex functionality is implemented 
only at the eNodeB, while UEs operate in the con-
ventional half-duplex fashion, similar to [6]. The 
reason for employing full-duplex functionality only 
at the eNodeB side is twofold. First, UEs tend to 
have limited hardware and energy resources to 
support full-duplex operations (e.g., self-interfer-
ence cancellation in the RF and digital domains). 
Second, the eNodeB-side-only full duplex facil-
itates backward compatibility with legacy LTE/
LTE-A UEs supporting only either FDD or TDD. 
As a result, upgrading a half-duplex LTE system 
into a full-duplex one becomes possible by sim-
ply replacing the half-duplex eNodeBs with the 
full-duplex eNodeBs while not affecting the rest of 
network entities and interconnections.

Our target deployment scenario is a small 
cell environment with a low-power eNodeB and 
low-mobility UEs. With less transmit power (i.e., 
20 dB or so less than the macro eNodeB [7]), the 
required level of self-interference power to be 
cancelled is considerably scaled down, thereby 
facilitating the self-interference cancellation with 

less complexity and less residual interference. The 
low-mobility properties of UEs ascertain that the 
self-interference channel remains the same during 
the self-interference channel estimation and can-
cellation procedures, allowing reliable self-interfer-
ence cancellation.

self-Interference cAncellAtIon

As seen from the right side of Fig. 1, the eNodeB con-
tains several techniques to minimize the self-inter-
ference in both analog and digital domains, which 
include antenna separation, RF-domain cancel-
lation, and digital-domain cancellation. Antenna 
separation is a technique to physically and/or 
electrically separate the signal paths between the 
transmit and receive antennas. One promising 
candidate is the use of a dual-polarized antenna 
having two orthogonal polarization components 
(e.g., transmission in horizontal polarization and 
reception in vertical polarization) [8, 9]. Howev-
er, due to imperfect polarization isolation and 
reflections from nearby scatterers, some self-inter-
ference components still remain in the received 
signal, which need to be further cancelled out 
using analog RF circuitry and digital signal pro-
cessing techniques.

RF self-interference cancellation is required to 
cut down the residual self-interference compo-
nent in the received RF signal so that after the 
RF cancellation, the signal level can fall within 
the dynamic range of the analog-to-digital con-
verter (ADC) in the receiver RF chain. After this, 
the self-interference component is further can-
celled out in the digital domain without the loss 
due to RF receiver saturation. The RF cancella-
tion capability can be achieved by employing an 
RF self-interference cancellation circuit that auto-
matically generates a replica signal with the same 
magnitude but opposite phase with respect to the 
self-interference component and cancelling it out 
from the received RF signal.

After the RF cancellation, digital cancellation is 
performed with the baseband signal in the digital 

Figure 1. System overview and transceiver structure of the proposed LTE-compatible full-duplex radio.
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domain after the ADC. Using a priori information 
on the transmitted signal and the self-interference 
channel estimate, the digital cancellation can 
eliminate the self-interference almost to the noise 
floor by subtracting the generated copy of self-in-
terference from the received baseband signal.

multIple Access

In order to ensure compatibility, full-duplex oper-
ation should be supported in accordance with 
the existing LTE multiple access schemes, that 
is, orthogonal frequency-division multiple access 
(OFDMA) for the downlink and single-carrier 
frequency-division multiple access (SC-FDMA) 
for the uplink. Using OFDMA, the data streams 
intended for different UEs are transmitted on 
non-overlapping subcarrier sets. Thanks to the 
orthogonality among the subcarriers, the deg-
radation due to multipath fading can easily be 
compensated using low-complexity equalization 
techniques, yielding inter-symbol interference 
(ISI)- and inter-carrier interference (ICI)-free trans-
mission. One significant drawback of OFDMA is 
high peak-to-average power ratio (PAPR), degrad-
ing the power efficiency of the transmitter. The 
PAPR can be effectively reduced by adopting 
SC-FDMA in the uplink where the data symbols 
are discrete Fourier transform (DFT)-spread before 
being mapped to the subcarriers. The reason for 
employing the SC-FDMA only at the uplink is the 
limited power budget of battery-operated mobile 
devices. These design objectives for the multiple 
access are still valid for the full-duplex LTE system. 
Thus, the transceiver design and signal process-
ing algorithm development for the LTE-compat-
ible full-duplex radio should be done based on 
OFDMA downlink and SC-FDMA uplink.

ImplementAtIon 
chAllenges And solutIons

In order to fulfill the above requirements, some 
critical technical challenges need to be overcome. 
Specifically, one of the most challenging issues is 
self-interference cancellation, which needs to be 
implemented in both the RF and digital domains 
while achieving a sufficient level of compatibili-
ty with existing LTE systems. Other challenging 
issues to be addressed in this work are self-inter-
ference channel estimation and downlink/uplink 
synchronization.

rf self-Interference cAncellAtIon

The RF self-interference cancellation functionality 
is required to cover a wide channel bandwidth 
with a wide dynamic range. The bandwidth of the 
LTE signal ranges from 1.4 to 20 MHz. Thus, the 
operational bandwidth for the RF self-interference 
cancellation functionality is expected to cover 20 
MHz.

Wide dynamic range capability is needed due 
to the large fluctuation of the self-interference 
signal strength. Such fluctuation originates from 
transmit power variation, channel path loss vari-
ation, and isolation level variation between the 
transmit and receive antennas [10, 11]. The mea-
surement shows that the required dynamic range 
is greater than a factor of 20 dB [11]. In the fol-
lowing, we discuss how the wideband and wide 
dynamic range capabilities can be achieved.

Achieving Wideband Self-Interference Can-
cellation: Wideband channels tend to experience 
frequency selectivity, that is, the channel response 
varies with respect to frequency due to the delay 
spread in the time domain. Exploiting the multi-
carrier structure of OFDMA, digital self-interfer-
ence cancellation can overcome this frequency 
selectivity in the frequency domain by estimating 
the self-interference channel and cancelling the 
self-interference signal on a per-subcarrier basis. 
On the other hand, RF self-interference cancella-
tion has limited ability to perform frequency-de-
pendent operation. Hence, a candidate solution 
will be employing a multi-tap RF self-interference 
cancellation circuit that consists of multiple RF 
self-interference cancellation paths with different 
time delays [4, 12]. The delay for each path can 
be adjusted by variable delay lines.

Achieving Wide Dynamic Range Self-Interfer-
ence Cancellation: Any restriction on the dynam-
ic range of the RF self-interference cancellation 
circuit limits the ability to adjust the replica signal 
strength to a level close to the actual self-interfer-
ence signal remaining at the RF receiver input ter-
minal. If the two power levels do not match, there 
will remain a significant amount of uncancelled 
self-interference after the RF self-interference can-
cellation.

A promising solution to this problem is the 
employment of a variable-gain amplifier at the 
replica signal generation path before the cancella-
tion point, as described in detail in our prior work 
[11]. By adjusting the gain of the variable-gain 
amplifier according to the fluctuating received 
self-interference power level, the RF self-interfer-
ence canceller provides robust and improved can-
cellation performance.

self-Interference chAnnel estImAtIon

The prerequisite for digital self-interference can-
cellation is acquiring the accurate information of 
the self-interference channel. In the LTE/LTE-A sys-
tems, reference signals are used for channel esti-
mation: cell-specific reference signals (CRSs) for 
the downlink and demodulation reference signals 
(DMRSs) for the uplink. Since we are to perform 
self-interference cancellation at the eNodeB, the 
self-interference channel estimation is involved 
with the CRS.

However, since the current frame structures 
for LTE and LTE-A were originally designed for 
the half-duplex modes (i.e., FDD and TDD), the 
CRS-based self-interference channel estimation 
is disturbed by the so-called pilot contamination 
caused by the interference from the simultaneous-
ly transmitted uplink resource elements co-located 
with the CRS, thereby degrading the performance 
of the digital self-interference cancellation.

In order to tackle the above problem, we 
employ an uplink nulling technique that prevents 
a certain portion of uplink resources from being 
transmitted so that the CRSs for the self-inter-
ference channel estimation are not interfered. 
Although there might be uplink throughput loss 
due to the uplink nulling, its impact will not be 
significant considering the traffic asymmetry 
between the downlink and uplink. The peak data 
rate requirements of the LTE-A system are 1 Gb/s 
for the downlink and 500 Mb/s for the uplink, 
demonstrating significant asymmetry [13]. The 
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uplink nulling can be categorized according to 
the amount and frequency of time-frequency 
resources to be nulled (i.e., per-subframe/symbol 
uplink nulling and per-RE uplink nulling).

Per-Subframe/Symbol Uplink Nulling: In slow 
fading environments with low mobility, the channel 
gains are supposed to be stable over a timescale 
that ranges from several orthogonal frequency-di-
vision multiplexing (OFDM) symbols to several 
radio frames. Using Clarke’s model, the 50 per-
cent coherence time at the maximum Doppler 
frequency of 10 Hz is about 42.3 ms [14], which 
is much larger than the length of a radio frame. 
This slow fading tendency can be observed in 
Fig. 2, which shows the simulated time-frequen-
cy channel responses for extended pedestrian A 
(EPA) and extended vehicular A (EVA) models 
assuming a maximum Doppler frequency of 10 
MHz.

Based on the above considerations, as 
described in Fig. 3a, we can employ a per-sub-
frame nulling scheme that nulls out a designat-
ed uplink subframe (i.e., the 0th uplink subframe 
where the physical broadcast channel (PBCH), 
the primary synchronization signal (PSS), and the 
secondary synchronization signal (SSS) are trans-
mitted in the downlink counterpart. By doing so, 
the self-interference channel estimation can be 
done within the 0th subframe without interfer-
ence from the uplink. Then, using the estimated 
self-interference channel knowledge, the self-in-
terference cancellation is carried out in the rest 
of the subframes. If the coherence time becomes 
shorter than a radio frame, per-symbol uplink null-
ing can be employed where certain symbols (e.g., 
the first two of 14 symbols in a normal subframe) 
is nulled out, as seen in Fig. 3b.

The per-subframe/symbol uplink nulling tech-
niques are simple and easy to implement with 
minimal frame structure changes to the current 
LTE and LTE-A standards. Only some modifica-
tion on the uplink scheduler is needed. How-
ever, these per-subframe/symbol uplink nulling 
schemes may suffer from resource waste.

Per-RE Uplink Nulling: In order to solve the 
above problem, we employ the per-RE uplink null-
ing where only the uplink REs located at the same 

time-frequency positions as the downlink CRSs 
are nulled out. Figure 4a shows an example of 
per-RE uplink nulling in two consecutive resource 
blocks. It is clear that with per-RE uplink nulling, 
the downlink CRSs can be used for self-interfer-
ence channel estimation without the uplink inter-
ference. The resource waste due to the per-RE 
uplink nulling is only 4.76 percent, which is much 
lower compared to the full-duplex gain.

The per-RE uplink nulling can be done by allo-
cating the null subcarriers at the subcarrier map-
ping block of the SC-FDMA transmitter, which 
can be implemented while causing minimum 
impact to the LTE/LTE-A standards. At the receiv-

Figure 2. Time-frequency channel responses for slow fading channels: a) EPA 10 MHz; b) EVA 10 MHz.
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Figure 3. Time-frequency resource grids for per-subframe/symbol uplink null-
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er, the self-interference channel estimation can be 
done using the downlink CRSs co-located with 
the uplink null subcarriers. The self-interference 
cancellation is then performed, followed by the 
null subcarrier removal and uplink channel esti-
mation/equalization. In order to ensure backward 
compatibility, the eNodeB is also required to pro-
vide support for legacy UEs that do not support 
the per-RE uplink nulling by bypassing the null 
subcarrier removal and self-interference cancella-
tion functionalities.

Frame Synchronization between Downlink 
and Uplink: The above self-interference channel 
estimation scheme requires frame synchroniza-
tion between the downlink and uplink. Without 
the frame synchronization, the self-interference 
channel estimation will be disturbed by the inter-
ference from the overlapping adjacent uplink 
symbols. In this regard, uplink timing alignment 
functionality already present in LTE/LTE-A can 
be used to align the start time of the received 
uplink subframe and the transmitted downlink 
subframe. More specifically, using the timing 
advance values determined by the network 
based on the uplink measurement, the UEs carry 
out timing advance operations. By advancing or 
delaying the uplink signal, the amount of timing 
misalignment can be limited to within the cyclic 
prefix. Once the timing misalignment is less than 
the cyclic prefix, its effect can easily be over-
come by phase compensation in the frequency 
domain.

The effect of the timing misalignment on the 
performance of the per-RE uplink nulling-based 
self-interference channel estimation is shown in 
Fig. 4b, which depicts the mean square error 
(MSE) as a function of the interference-to-noise 
ratio (INR) of the self-interference link. The uplink 
signal-to-noise ratio (SNR) is assumed to be 20 
dB. The curves are plotted for different amounts 
of the downlink-uplink timing misalignment in 
terms of the ratio of the cyclic prefix length to the 

OFDM symbol length DCP. As expected, the MSE 
for the timing misalignment of 0.5 DCP is exact-
ly the same as the case with the exact timing. 
Oppositely, we can see significant MSE degrada-
tion for the large timing misalignment case of 1.5 
DCP. When the timing misalignment is 1 DCP, i.e., 
same as the cyclic prefix length, the MSE is slightly 
higher than the case of exact timing, which is due 
to the effect of the delay spread. For compari-
son, the MSE of the no nulling case is also plot-
ted where the uplink interference is not avoided 
during the self-interference channel estimation 
procedure, providing the upper bound.

system-level performAnce evAluAtIon In An 
ActuAl cellulAr system

In practical cellular systems, we should consider 
several physical factors such as distance-depen-
dent path loss, large- and small-scale fading, and 
other-cell interference in addition to the afore-
mentioned RF and digital impairments. In this 
regard, we evaluate the system-level performance 
of the full-duplex-enabled cellular system com-
pared to the conventional half-duplex schemes, 
FDD and TDD.

System-Level Evaluation Environment: We 
consider a heterogeneous cellular network where 
multiple macro and small cells are deployed in the 
same frequency band. The macro eNodeBs are 
placed on a hexagonal grid with inter-site distance 
(ISD) of 500 m. The small eNodeBs and UEs are 
randomly dropped. The UEs located within the 
small cell radius of 40 m are connected to the 
small eNodeB.

Full-duplex functionality is employed at each 
small eNodeB, which therefore experiences not 
only the intra-cell interference from itself (i.e., 
self-interference) but also the inter-cell interfer-
ence from other macro and small cells. The specif-
ic simulation parameters are based on the 3GPP 
LTE-A outdoor small cell evaluation scenario with 
co-channel deployment of the macro and small 

Figure 4. Per-RE uplink nulling: a) time-frequency resource grids for downlink and uplink; b) mean square error vs. interference-to-noise 
ratio (INR) of the self-interference link.
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cells [15]. The detailed simulation parameters are 
described in Fig. 5a.

System-Level Evaluation Results: With the 
above simulation parameters, we obtained simu-
lation results over different small eNodeB and UE 
drops, each with 2048 realizations. In Fig. 5b, the  
average throughput of a UE is plotted, which can 
be attained through simultaneous downlink and 
uplink transmissions. Comparisons with the FDD 
and TDD schemes are also provided. Since the 
system bandwidth of 20 MHz is assumed for full 
duplex, 10 MHz bandwidth is employed for each 
of the DL and UL for FDD. For TDD, DL/UL con-
figuration 2 is employed so that the ratio between 
the DL and UL is about 80 and 20 percent.

Figure 5b shows that significant throughput 
gain through the use of full duplex is attainable 
despite the existence of the real-world physical 
factors such as path loss, fading, and other-cell 
interference. The amount of throughput gain is 
increased with the self-interference cancellation 
capability (i.e., the total amount of self-interfer-
ence cancellation using a combination of antenna, 
RF, and digital cancellations), and is upper-bound-
ed at about 95 dB, which is consistent with the 
existing literature [6]. The throughput gain of TDD 
over FDD is due to the fact that the downlink 
throughput is higher than the uplink throughput.

testbed descrIptIon And 
performAnce evAluAtIon

In this section, we describe our LTE-based full-du-
plex testbed in order to evaluate real-world full-du-
plex performance, especially on both the RF and 
digital self-interference cancellation capabilities.

testbed setup

The testbed for the evaluation of our full-duplex 
radio design represents the eNodeB side of an 
LTE-based full-duplex cellular system, which con-
sists of antenna, RF cancellation circuit, and digital 
cancellation unit, as seen in Fig. 6a.

A dual-polarized microstrip patch antenna 

is used for the separation between the transmit 
and receive signal paths. The center frequency 
is designed to be at 2.59 GHz with the –10 dB 
bandwidth of 140 MHz. The isolation between 
the horizontal and vertical ports is measured from 
–15 dB to –35 dB varying depending on sur-
rounding environmental conditions [11].

The RF cancellation circuit is designed to 
achieve wide bandwidth and wide dynamic range 
cancellation capability, as described in [11]. The 
circuit itself has self-adaptive characteristics to auto-
matically control the amplitude and phase of the 
replica signal by the use of the vector modulator 
and the variable-gain amplifier. In order to support 
wideband cancellation, a two-tap RF cancellation 
circuit is employed with different delay settings at 
the input. The delay for each tap is adjusted by 
using cables with different lengths in this experi-
ment. The optimal cable length difference is found 
to be 152 cm, which corresponds to a time delay 
of 7.4 ns after extensive measurements for length 
difference varying form 0 cm to 200 cm. Wide 
dynamic range can be supported by the use of a 
variable-gain amplifier (Avago MGA-638P8). The 
RF cancellation circuit is powered by ±10 V supply. 
The local oscillator inputs of the up- and down-con-
version mixers are provided by a signal generator 
at a frequency of 2.59 GHz.

The signal processing for digital cancellation 
is performed using the NI USRP-2942R soft-
ware-defined radio (SDR) device that has a Xilinx 
Kintex-7 field programmable gate array (FPGA) 
and two independent RF front-ends supporting 
frequency bands from 400 MHz to 4.4 GHz with 
the maximum bandwidth of 40 MHz. The SDR 
is controlled by a host computer using NI Lab-
VIEW Communications Systems Design Suite 1.1 
software. The baseband processing functions, 
including modulation, demodulation, and digi-
tal self-interference cancellation, are performed 
in the FPGA. The transmitter unit generates an 
LTE-modulated signal, followed by a high-pow-
er amplifier that can amplify the transmit signal 
power level to 20 dBm.

Figure 5. System-level evaluation results: a) simulation parameters; b) throughput vs. self-interference cancellation capability.
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The implementation of the digital part is based 
on 3GPP LTE Release 10. The bandwidth is 20 
MHz, and the fast Fourier transform (FFT) size is 
2048. Each radio frame is 10 ms long and consists 
of 10 subframes. In addition, normal cyclic prefix 
is assumed. Since we employ the per-RE uplink 
nulling, the self-interference channel estimation is 
done in a similar manner of conventional down-
link channel estimation.

experImentAl results

We can see the effects of antenna separation and 
RF self-interference cancellation in Fig. 6b. The 
dual-polarized antenna can suppress the self-inter-
ference power about 17 dB. The RF self-interfer-
ence cancellation circuit can further reduce the 
self-interference power by 6–8 dB with 1-tap RF 
cancellation and by 9–20 dB with 2-tap RF can-
cellation. We observe the frequency selectivity in 
the signal after RF cancellation, which can easily 
be handled with the per-subcarrier-based cancel-
lation technique in a digital domain.

The effect of digital self-interference cancel-
lation can be seen by comparing Fig. 6c (con-
stellation before digital cancellation) and Fig. 6d 
(constellation after digital cancellation). The self-in-

terference component is successfully cancelled by 
subtracting the a priori known transmitted signal 
using the self-interference channel estimate.

conclusIon
This article introduces the essential techniques 
to support LTE-compatible full-duplex radio. Our 
approach is based on a realistic LTE/LTE-A net-
work model assuming full-duplex eNodeB and 
half-duplex UE. In order to support wideband and 
wide dynamic range RF self-interference cancel-
lation, we develop a multi-tap, variable-gain, and 
self-adaptive RF self-interference cancellation cir-
cuit. For digital self-interference cancellation, we 
provide a new frame structure design that can 
perform accurate self-interference channel estima-
tion with the use of uplink nulling schemes. The 
proposed techniques for LTE-compatible full-du-
plex radio were evaluated through system-level 
simulations and real-world testbed experiments. 
We can see that self-interference can be efficient-
ly cancelled with a combination of RF and digital 
cancellation techniques.

The various techniques discussed in this article 
not only enable fast deployment of the full-duplex 
functionality over the existing LTE/LTE-A networks 

Figure 6. Testbed setup and experimental results: a) testbed setup; b) self-interference cancellation by antenna suppression and RF 
self-interference cancellation; c) constellation before digital cancellation; d) constellation after digital cancellation.
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and legacy UEs, but also provide a stepping stone 
to better develop further enhanced full-duplex 
techniques along with the development of 5G 
wireless networks.
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