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ABSTRACT

DIGITAL SELF-INTERFERENCE CANCELLATION FOR IN-BAND
FULL-DUPLEX COMMUNICATION

HAYRETTIN AYAR
EE, Ph.D DISSERTATION, DECEMBER 2021

Dissertation Supervisor: Prof. OZGUR GURBUZ

Keywords: in-band full-duplex, self-interference, linear digital self-interference
cancellation, non-linear self-interference cancellation, neural networks, cyclic prefix
noise, orthogonal frequency division multiplexing, FPGA implementation, software

defined radio

By allowing simultaneous transmit and receive operations in the same frequency
band, In-Band Full-Duplex (IBFD) communication has been proven as a new tech-
nology with the potential of a two fold increase in spectral efficiency, as compared
to the conventional half-duplex systems. However, as the transmitter creates a high
level of self-interference (SI) at the receiver on the same radio, considerable amount
of SI cancellation is required for achieving this gain and successfully decoding the
signal-of-interest (Sol) arriving from the distant node. For this purpose, in IBFD
radios, various SI cancellation techniques are proposed to suppress the SI signal by
employing propagation domain antenna suppression, analog domain cancellation,
and non-linear and linear digital SI cancellation in the literature. In this thesis, we
study linear digital SI cancellation techniques and non-linearity problem induced by
the hardware components on the IBFD radios, considering Orthogonal Frequency
Division Multiplexing (OFDM) based wireless systems.

OFDM is the pertinent waveform for current and next generation wireless systems,
whose spectral efficiency can be potentially doubled by IBFD communication. How-
ever, in OFDM based IBFD systems, linear digital self-interference cancellation
(DSIC) employed at baseband does not provide sufficient cancellation in the cyclic
prefix (CP) region. When the propagation delay between two communicating radios
is non-zero, the CP noise affects the data region of the desired signal. In the first
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part of this thesis, we propose CP noise reduction (CPNR) technique for OFDM
based IBFD radios. In the CPNR solution, we enhance SI channel estimation and
SI signal reconstruction for time and frequency DSIC techniques. We have evalu-
ated CPNR with time and frequency domain DSIC via both simulations as well as
MATLAB and FPGA implementations on our Software Defined Radio (SDR) based
IBFD radio. In the laboratory tests, the total suppression of the IBFD radio is
improved by 6 dB by employing CPNR in frequency-domain DSIC and EVM for
bidirectional communication is improved by up to 5%, allowing realistic propaga-
tion delays. In addition to improving the total suppression and EVM performance,
CPNR is also shown to enhance the multi-path resiliency of DSIC techniques.

In the second part of the thesis, we consider the non-linearity problem in IBFD
radios at high transmit power levels, and we propose a new architecture along
with time and frequency domain non-linear estimation algorithms. In this archi-
tecture, non-linear and linear SI cancellation stages are isolated via an RF switch,
so that non-linear estimation can be performed separately from and prior to linear
SI cancellation. Following one of the alternative proposed estimation algorithms,
the non-linear SI signal is obtained as a reference to linear SI cancellation. Our
experimental results obtained on OFDM based IBFD SDR set-up demonstrate that
the amount of total SI suppression is improved by up to 13 dB over state-of-the-art
digital, integrated linear and non-linear SI cancellation schemes. Moreover, in our
solution, since non-linear estimation is decoupled from SI channel estimation, the
ST cancellation performance is immune to changes in the (multi-path) environment;
unlike existing schemes, which require re-optimization of model parameters for each
setting. Last but not least, estimation overhead for digital SI cancellation is elimi-
nated, and computational complexity is lowered by four to six orders-of-magnitude
with the proposed algorithms.



OZET

BANT ICi TAM CIFT YONLU HABERLESME ICIN SAYISAL OZGIRISIM
GIDERIMI

HAYRETTIN AYAR
EE, DOKTORA TEZI, ARALIK 2021

Tez Damgmani: Prof. Dr. OZGUR GURBUZ

Anahtar Kelimeler: bant i¢i tam ¢ift yonlii, 6z girisim, dogrusal sayisal 6z girigim
giderimi, dogrusal olmayan 6z girisim giderimi, sinir aglari, dongiisel 6nek

giriiltisii, dikgen frekans bolmeli goklama, FPGA geligtirme, yazilim tanimh radyo

Bant I¢i Tam Cift Yénlii (BITCY) iletisimin, geleneksel yari cift yonli ile
kargilagtirildiginda, ayni frekans bandinda eszamanli gonderme ve alma iglemler-
ine olanak saglayarak spektral verimlilikte iki kat artig potansiyeline sahip yeni bir
teknoloji oldugu kanitlanmistir. Bununla birlikte, ayni radyodaki alicida yiiksek
diizeyde 6z girisim (OG) olustugundan, bu kazanci elde etmek ve uzak radyodan
gelen Istenen Sinyal’i (IS) basarili bir sekilde ¢ozmek icin énemli miktarda OG gider-
imi gerekmektedir. Bu amacla, BITCY radyolarda, literatiirde anten diizeyinde OG
giderimi, analog OG giderimi ve dogrusal ve dogrusal olmayan sayisal OG gider-
imi kullanlarak OG sinyalini bastirmak icin cesitli teknikler énerilmistir. Bu tezde,
Dikgen frekans bolmeli ¢oklama (DFBC) tabanh kablosuz sistemler igin dogrusal
sayisal OG giderim teknikleri ve BITCY radyolardaki donanim bilesenlerinin neden
oldugu dogrusal olmayan etkiler tizerinde ¢aligilmaktadir.

DFBC, spektral verimliligi BITCY iletisim ile potansiyel olarak ikiye katlanabilen
mevcut ve yeni nesil kablosuz sistemler i¢in uygun bir dalga bi¢imidir. Ancak, DFBC
tabanli BITCY sistemlerde, temel bantta kullanilan dogrusal sayisal OG (SOGG),
dongiisel ének (DO) bolgesinde yeterli giderim saglamamaktadir. Iletisim kuran
iki radyo arasindaki yayilma gecikmesi sifir olmadiginda, DO giiriiltiisii 1S™nin veri
bolgesini etkilemektedir. Bu tezin ilk kisminda, DFBC tabanli BITCY radyolar
i¢cin DO giiriiltii azaltma (DOGA) teknigini éneriyoruz. DOGA ¢oziimiinde, zaman
ve frekans alanli SOGG tekniklerindeki OG kanal kestirimi ve OG sinyali yeniden
olusturma iyilegtirilmektedir. DOGA’y1, Yazihm Tammmlh Radyo (YTR) tabanh
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BITCY radyomuzda hem simiilasyonlar hem de MATLAB ve FPGA uygulamalar
aracihigiyla zaman ve frekans alan1 SOGG teknikleri ile degerlendirdik. Laboratuvar
testlerinde, frekans alanli SOGG’de DOGA kullanilarak BITCY radyonun toplam
bastirilmas: 6 dB iyilestirildi ve ¢ift yonli iletigim i¢in Hata Vektor Genligi (HVG),
gercekei yayilma gecikmelerine igin %5’e kadar iyilestirildi. Toplam bastirma ve
HVG performansini iyilestirmeye ek olarak, DOGAnm SOGG tekniklerinin cok
yollu esnekligini artirdigr da gosterilmigtir.

Tezin ikinci kisminda, BITCY radyolarda yiitksek génderim giiclerindeki dogrusal ol-
mayan problemi ele alarak yeni bir BITCY mimarisi ile zaman ve frekans alaninda
dogrusal olmayan kestirim algoritmalar1 énermekteyiz. Bu yeni mimaride, dogrusal
olmayan ve dogrusal OG giderimi asamalar1 bir RF anahtarn araciligiyla izole
edilmektedir, boylece dogrusal olmayan kestirim, dogrusal OG gideriminden ayr1
olarak ve oncesinde gerceklestirilebilmektedir. Onerilen alternatif kestirim algorit-
malarmdan birinin ardindan, dogrusal olmayan OG sinyali, dogrusal OG giderimi
asamasina referans olarak saglanmaktadir. DFBC tabanli BITCY YTR diizeneginde
elde edilen deneysel sonuclarimiz, toplam OG bastirim miktarmin, son teknolojii en-
tegre dogrusal ve dogrusal olmayan OG giderimi yéntemlerine gére 13 dB’ye kadar
iyilegtirildigini gostermektedir. Ayrica, ¢oziimimiizde dogrusal olmayan kestirm,
dogrusal OG kanal kestiriminden ayristirildigindan, model parametrelerinin yeniden
optimize edilmesini gerektiren mevcut yontemlerden farkh olarak, OG giderim per-
formans1 ¢ok yollu ortamdaki degisikliklere kargi bagigiktir. Son olarak, sayisal
DOGG icin kestirim yiikii tamamiyla giderilmis ve hesaplama karmasikligi, éner-
ilen dogrusal olmayan kestirim algoritmalariyla dort ila alt1 biiyiikliik sirasina kadar
diigtrilmiigtiir.
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1. INTRODUCTION

Increased demand for high data rates in wireless networks has accelerated tech-
nologies promising improved spectral efficiency. One of the proposed solutions is
in-band full-duplex (IBFD) wireless communication, where a radio frequency (RF)
transceiver transmits and receives signals simultaneously in the same band [1], [7],
8], [9], [10], [11], resulting improved spectral efficiency approximately by a factor of
two [12], [13]. For 5G Advanced systems, IBFD communication is not only expected
to support the demand for high throughput services, low-latency applications and
seamless global roaming, but it will also be employed in spectrum virtualization,
novel relaying/backhaul solutions and enhanced interference coordination [14], [15].
Moreover, by utilizing IBFD at the base stations, cross-division duplex (allowing
simultaneous downlink and uplink operation within the same time slot) can be
employed to enhance uplink coverage in time division duplex (TDD) carriers [16].
Another application of IBFD is joint/simultaneous communication and sensing and

cognitive radio, which are upcoming features of 6G systems [17].

The main challenge in realizing the IBFD communication is the strong self-
interference (SI) signal introduced at the receiver, due to the limited isolation be-
tween the transmitter and receiver chains on the same radio [18]. Since the propaga-
tion path for the SI signal is shorter than that of the signal of interest (Sol) arriving
from a distant radio, the SI signal at the receiver is much stronger than Sol [19].
In order to receive the Sol with acceptable quality, SI has to be reduced to the
receiver’s noise level. For this purpose, in IBFD radios, SI cancellation techniques
are applied at different stages [1,3,4,7,12,18-27|: Passive suppression is achieved
at the antenna level either by isolating the transmit antenna and receive antenna of
the same node by means of physical separation [21] or by ensuring horizontal and
vertical polarization for a single antenna [25]. Analog cancellation is achieved by
circuits employing active analog components [26]. Digital SI cancellation (DSIC) is
applied as the last step at the baseband level, where first the SI channel is estimated,
then the SI signal is reconstructed, followed by subtraction of the reconstructed sig-
nal from the received signal [4], [18], [21], [27]. By cancelling the SI signal without

disturbing the Sol, IBFD communication between two nodes can be established.



Today’s broadband wireless systems are mostly based on orthogonal frequency di-
vision multiplexing (OFDM), due to the high data rates provided with high multi-
path resiliency, as in 4G cellular [28], IEEE 802.11 Wireless Local Area Networks
(WLANS) [29], WiMAX [30] etc. For this reason, DSIC techniques for IBFD com-
munication are designed mostly for OFDM based physical layer [1], [4], [18], [21].
In [1] and [27], we have evaluated different DSIC techniques, where minimum mean
square error and least squares approaches applied in time-domain estimation (ab-
breviated as TE) or frequency-domain estimation (FE) of the SI channel, followed
with time-domain reconstruction (TR) or frequency-domain reconstruction (FR) of
the SI signal. Via detailed simulations and tests on WARP v3 OFDM based IEEE
802.11g software defined radio (SDR) board, time-domain DSIC was shown to pro-
vide outperform frequency-domain DSIC when there is no or small multi-path, while
the opposite was observed under severe multi-path. In [7], we have integrated time-
domain DSIC with different monostatic antennas on our SDR based test-bed and we
have obtained performance limits and characterization of the proposed IBFD radio

architecture.

For 5G, 3rd Generation Partnership Project (3GPP) group has declared that an
OFDM waveform with cyclic prefix (CP) is supported [31]. The CP at the be-
ginning of each OFDM symbol provides a guard interval for avoiding inter-symbol
interference (ISI), i.e., leakage, induced by the multi-path channel effects. However,
CP-enabled OFDM involves challenges in DSIC for IBFD communication: When CP
is appended at the beginning of an OFDM symbol, the symbol duration is increased
and the frequency-domain orthogonality of the waveforms is disturbed. As a re-
sult, the neighbour sub-carriers interfere with the guard sub-carriers in the channel.
DSIC (time and frequency domain, i.e., TE and FE, methods) cannot completely
estimate, hence cannot completely suppress the SI signal, unless the interference on
the guard sub-carriers is estimated. Additional noise is introduced in frequency-
domain reconstruction (FR), when ISI (i.e., leakage) between OFDM symbols is not
correctly reflected. In our simulations in [32], we have observed the effect of both
estimation and ISI errors, resulting in ripples on the residual SI signal, which we
have named as CP noise. In practical realistic scenarios, due to propagation delay
between the nodes, the CP and data regions of the two nodes will not be aligned.
Then, the CP region of one node will appear in the data region of the other node
and it will interfere with the Sol, eventually degrading SI cancellation. Therefore,
the CP noise problem should be alleviated to allow IBFD communication in OFDM

systems in realistic, asynchronous scenarios.

In the first part of this thesis, we investigate the CP noise problem in OFDM based
IBED radios, considering all linear DSIC techniques, TE-TR, TE-FR, FE-TR and
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FE-FR, employing time or frequency domain SI channel estimation and SI signal
reconstruction. Then, we propose a novel solution, named Cyclic Prefix Noise Re-
duction (CPNR), composed of two steps: 1) Additional training tones are inserted
into the guard sub-carriers within the communication band, during training period,
covering the transition region between two OFDM symbols, so as to obtain enhanced
SI channel estimates. 2) An additional new reconstruction technique is introduced
in frequency-domain for reconstructing the transition regions. We present detailed
performance evaluation of the CPNR solution via simulations as well as tests on our
IBFD radio SDR set-up and the Field Programmable Gate Array (FPGA) imple-
mentation. We show that CPNR is crucial for OFDM based IBFD radios not only
for improving total SI cancellation, but also for allowing IBFD communication in

realistic, asynchronous scenarios.

As demonstrated in experimental results in [1], [3] and [7], the performance of linear
SI cancellation, although maximized with CPNR, is degraded at high transmit power
levels. This is due to the fact that the SI signal is distorted in linear as well as non-
linear fashion until it arrives to the baseband chain of the receiver. The received
baseband SI signal is distorted not only linearly by the SI channel, but also in a non-
linear fashion, due to the power amplifier (PA) on the transmit chain and low noise
amplifier (LNA) on the received chain, at high transmit power levels. The effects
of non-linearity are analyzed and non-linear only and/or integrated non-linear and
linear SI cancellation schemes have been extensively studied in the literature: The
memory polynomial (MP) is the main non-linear DSIC technique employed in IBFD
radios [4,5,18,20,33-39]. In [4], non-linear and linear effects are estimated together
with the MP model at the baseband level by utilizing the long training sequences
(LTS) in the preamble of a packet. The estimation is performed at eight times
higher sampling rate requiring modification of the hardware. Here, the coefficients
of the MP model are estimated at each transmission resulting in high computational
cost. For reduced complexity, orthogonalized least mean squares (OLMS) and a
recursive least squares (RLS) are apllied in [37] and [38], respectively, while providing
similar performance to the MP model. In conjunction with linear DSIC, neural
network (NN) based DSIC solutions are proposed in [39], utilizing real-valued NN,
complex-valued NN, and recurrent NN. However, NN based solutions are not able
to provide higher total SI cancellation than the MP model although they reduce the
computational complexity of the MP model. Moreover, they are all implemented in
time-domain being subject to non-linear and linear SI effects. In the abovementioned
solutions, if there is a change in the multi-path environment, update on the the non-
linear model is required and hence the coefficients need to be re-estimated for the new

channel causing excessive estimation overhead. Furthermore, they employ active



analog cancellation curcuitry considered as additional hardware cost. In another
solution proposed in [2], an auxiliary receive chain is used to provide a reference

non-linear SI signal to linear SI cancellation at the expense of additional hardware.

In the second part of this thesis, we propose decoupling linear and non-linear SI
cancellation via a new, switched IBFD radio architecture (IBFD-SW), which can
be easily implemented by simple hardware additions on a conventional half-duplex
radio. On the IBFD-SW radio architecture, we propose time-domain and frequency-
domain algorithms for estimating the non-linear SI signal, which is provided as a
reference to linear cancellation. With our solution, not only significant performance
improvement (up to 13 dB higher SI cancellation) is obtained over prominent digital
non-linear SI cancellation schemes, but also robust multi-path resiliency is achieved

at no (estimation) overhead and notably reduced computational complexity cost.

1.1 Thesis Contributions

The contributions and main findings of this thesis can be summarized as follows:

e The CP noise problem in OFDM based IBFD radio is introduced and analyzed,
addressing the issues in SI channel estimation, issues in SI signal reconstruc-

tion, and issues in IBFD communication.

e The performance of the proposed CPNR solution is investigated first via exten-
sive simulations, considering all DSIC techniques under additive white Gaus-
sian noise (AWGN) and IEEE 802.11 indoor channel model, modeling multi-
path and time varying channel effects on the SI channel. It is shown that the
amount of performance improvement by CPNR depends on the DSIC scheme
employed, channel SNR and multi-path. As an example, for 25 dB SNR and
75 ns rms delay spread, by employing CPNR, 7-8 dB higher digital cancella-
tion is obtained for DSIC with FR (TE-FR and FE-FR) and only 0.5-2.5 dB is
achieved for DSIC with TR (TE-TR and FE-TR), as compared to the respec-
tive cases without CPNR. As multi-path gets more severe, the improvement
by CPNR increases up to 10 dB for FE-FR.

e The proposed CPNR solution along with DSIC techniques are implemented on
the WARP v3 IBFD radio SDR board integrated with a dual port slot coupled

antenna. On this set up, total SI suppression performance is measured, while
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a channel emulator modeling the IEEE 802.11 indoor channel is applied on the
baseband samples for considering the effect of multi-path. It is shown that for
low multi-path spread, applying CPNR enhances TE-FR, FE-TR and FE-FR
techniques (by about 6 dB) and brings their performance close to that of TE-
TR with CPNR. CPNR is shown to enhance the multi-path resiliency of DSIC
techniques. For instance, for 150 ns rms delay spread, highest improvement
with CPNR is obtained for FE-FR as 13 dB.

The IBFD radio test bed is extended to include two IBFD radios and the
quality of bidirectional IBFD communication between two radios is measured
in terms of Error Vector Magnitude (EVM), considering DSIC techniques with
and without CPNR and modeling different propagation delays between the
nodes. The test results demonstrate that for frequency-domain DSIC, with
CPNR, EVM can be improved by up to 5 percent, allowing asynchronous

nodes with realistic propagation delays.

DSIC technique FE-TR and CPNR are implemented on the FPGA of the
WARP v3 SDR board. It is demonstrated that the test results for total SI
suppression and EVM with the FPGA implementation are highly consistent
with the earlier test results obtained on the SDR based IBFD radio, where the
algorithms were executed on MATLAB.

The complexity costs of all DSIC techniques with and without CPNR have
been evaluated in terms of number of floating point operations. It is shown
that, DSIC techniques FE-FR and TE-FR with CPNR require 20 percent lower
complexity as compared to the time-domain DSIC with CPNR.

A new switched radio architecture (IBFD-SW) along with non-linear estima-
tion algorithms are proposed for solving the non-linear SI problem in OFDM
based IBFD radios. On IBFD-SW radio architecture, non-linear estimation
is performed prior to linear SI cancellation to produce a reference SI signal

which involves the non-linear behavior, but none of linear channel effects.

Two methods are proposed for non-linear estimation on the switched IBFD ra-
dio architecture: 1) Time-domain non-linear polar polynomial (NLP) method
is proposed to estimate the magnitude and phase of the non-linear SI signal
separately providing more accurate estimation as compared to complex estima-
tion. 2) Neural network based non-linear frequency-domain (NLF) estimation
method is proposed for estimating the effects of non-linearity per each OFDM
subcarrier. This solution utilizes a richer feature space than the time-domain

method(s), providing highest SI cancellation.



o IBFD-SW radio architecture is implemented together with proposed time and
frequency domain non-linear estimation methods and linear SI cancellation
techniques on WARP v3 SDR set-up [6]. Prominent non-linear SI cancellation
solutions from the literature are also implemented on the same set-up. Total SI
suppression performance is observed in the laboratory environment and with

a channel emulator modeling multi-path.

— With the proposed IBFD-SW radio architecture and non-linear estima-
tion algorithms, up to 13 dB enhancement on the total SI suppression
performance is recorded over existing digital non-linear SI cancellation
schemes. For most of the transmit power levels, the SI signal power is
suppressed to the noise floor of the system promising range extension for

the earlier versions of our IBFD radio in [3], [5].

— The performance of all considered non-linear cancellation solutions are
evaluated in a multi-path environment for the first time in the litera-
ture. The proposed solution is proven to be robust against changes in
multi-path, since non-linear estimation is isolated from the SI channel
and learned model parameters and coefficients can be re-used in all envi-
ronments. Meanwhile, the performance of existing digital non-linear SI
cancellation schemes degrade with changes in the (multi-path) channel,
as they require re-optimization of model parameters and re-calculation of

the non-linear coefficients.

o Estimation overhead and complexity of the proposed non-linear algorithms are
derived. It is shown that our algorithms have almost no overhead as compared
to state-of-the-art integrated digital SI cancellation methods, while computa-
tional complexity is significantly reduced, by four to six orders of magnitude

for estimation and one to two orders of magnitude for reconstruction.



1.2 Thesis Organization

The organization for the rest of this thesis is as follows: In Chapter 2, background on
IBFD radios is presented followed with linear and non-linear SI cancellation schemes.
In Chapter 3, the CP noise problem is analyzed in detail and CPNR solution is pre-
sented. Chapter 4 presents our proposed switched IBFD radio solution along with
proposed time and frequency domain non-linear SI estimation approaches. Chapter
5 presents the conclusions of this dissertation as well as discusses on directions for
future work. In the end, Appendix A contains description of the FPGA implemen-
tation of linear DSIC with CPNR. Appendix B gives the optimization of non-linear
model parameters for switched IBFD radio, and Appendix C provides validation of
results for IBFD radio.



2. DIGITAL SELF-INTERFERENCE CANCELLATION IN
IN-BAND FULL-DUPLEX (IBFD) WIRELESS

COMMUNICATION

A typical system architecture of an IBFD radio providing SI suppression at different

stages is depicted in Fig. 2.1. Here, the SI signal generated from the transmitter’s

baseband block is distorted in a non-linear manner by PA and LNA and in a linear

manner by the SI channel, until it arrives at the receiver’s baseband chain. The

power of SI signal is lowered by employing antenna(s) and/or RF components such

as circulators followed by an analog cancellation circuitry. At the baseband, digital

non-linear and linear SI cancellation are applied for further eliminating the SI signal.
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Figure 2.1 Stages in SI cancellation in IBFD radio
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2.1 Self-Interference Cancellation in Full-Duplex Communication

In the first work on full-duplex communication at Sabanci University [1], a novel
full-duplex, low-complexity radio design is presented which uses only a single patch
antenna without a duplexer or circulator to passively suppress the self-interference
and employs linear digital SI cancellation (DSIC) techniques at baseband to elim-
inate the remaining self-interference. The DSIC techniques used in the proposed
full-duplex implementation are based on Least Squares (LS) time and frequency do-
main estimation (abbreviated as TE and FE, respectively) and time and frequency
domain reconstruction approaches (abbreviated as TR and FR, respectively). The
proposed full-duplex design has been tested for the IEEE 802.11g wireless standard
using WARP v3 Software Defined Radio (SDR) as the implementation platform
as shown in Fig. 2.2 and it is demonstrated that this design provides an overall

suppression of 88 dB as depicted in Fig. 2.3.

Dual Polarized
Patch Antenna

Figure 2.2 Experimental setup of full-duplex design in [1]
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Figure 2.3 Performance of the proposed full-duplex design in [1] for different DSIC
techniques

In our second work at Sabanci University [7], the performance of the low complex
IBFD radio in [1] is enhanced by integrating the radio with two new antennas provid-
ing high passive suppression. Detailed laboratory tests are conducted to investigate
the performance of the proposed IBFD radio architecture considering different in-
door positions (in the open laboratory environment and in semi-absorbing system)
and various orientations (horizontal, vertical, tilted) for each antenna as depicted in
Fig. 2.4. In [7], it is shown that the monostatic IBFD architecture can achieve an
overall total SI suppression of up to 99 dB in the semi-absorbing system, as it can

be seen in Fig. 2.5.

Figure 2.4 Test set-up in semi-absorbing system in [7]
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Figure 2.5 Performance of the IBFD radio for various antenna orientations in [7]

In [7], for realizing the bidirectional communication, we have established a test set-
up as depicted in Fig. 2.6 (a), in which two WARP v3 boards are used as Node 1
and Node 2. To initiate the bidirectional communication, as seen in Fig. 2.6 (b), as
a first step, Node 1 starts transmission for one preamble duration (7},), while Node
2 stays silent. Then, Node 1 stops and waits for Node 2 to start the transmission.
After completion of the preamble period of Node 2, the two nodes start sending the
payload data at the same time for T,; duration to realize the FD communication.
The mute periods are necessary for clean estimation of the SI channel at each node,

so that there is no interference from the other node.

During FD communication, the received signal at the receiver of Node 1 is the sum
of the SI signal from itself and the Sol arriving from Node 2, as it can be seen in
the top plot in Fig. 3.12 (a). In the lower plot of Fig. 3.12 (a), the residual signal
at Node 1 is depicted, where it can be observed that SI is cancelled perfectly for
the training phase and the Sol arriving from Node 2 remains to be processed after
performing the SI suppression. Symmetrically, the same operations take place in

Node 2 to retrieve the data arriving from Node 1 [7].
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Figure 2.6 In [7] (a) Bidirectional FD communication (b) Timing of the transmit
frames for Node 1 and Node 2
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Figure 2.7 In [7] (a) Total received signal at Node 1 (top plot) and the residual
signal at Node 1 after SI suppression (lower plot) (b) Total suppression at Node 1
along with the EVM values of Sol arriving from Node 2 (c¢) Constellation diagram
of 16-QAM Sol at Node 1 for 5 dBm transmit power. EVM is 6% (d) Constellation
diagram of 16-QAM Sol at Node 1 for 15 dBm transmit power. EVM is 11% (e)
Constellation diagram of 16-QAM Sol at Node 1 for 20 dBm transmit power. EVM
is 35%

12



In this experiment, we have measured the EVM of the received Sol for 16-QAM
modulation with respect to increasing transmit power at Node 1, while the transmit
power of Node 2 remains fixed. In Fig. 3.12 (b), the EVM values at Node 1 are
provided along with the total SI suppression results. In the figure, it is observed
that EVM is growing while the total suppression is degrading as transmit power is
increased. This effect can also be noticed in the constellation diagrams in Fig. 3.12
(¢), (d), and (e), where the transmit power is set to 5, 15, and 20 dBm and the
measured EVM is 6, 11 and 35%, respectively [7].

In addition to observing the EVM, we have also calculated the throughput of FD
communication, considering the scheme in Fig. 2.6 (b) and we compare it with the
throughput of HD communication. Observing Fig. 2.6 (b), the total throughput
of the bidirectional channel between Node 1 and Node 2, considering FD and HD

communication can be found as:

IN ky

=——9 2.1

Rrp T+ T PS, (2.1)
N.ky

R = bps. 2.2

D=7 ps (2.2)

Here, N is the number of data symbols, k; is the modulation order. Nodes are
assumed to share the time equally in HD communication. The throughput gain of
FD over HD is calculated as:

Rep  2AT,+Ty)
Gr = - . 2.3
"7 Rup 2T,+1, (23)

In our set-up, N = 56000, T}, = 38.4 us, Ty = 2800 s, and kg = 4 for 16-QAM.
Therefore, the throughput values become Rpp = 155.73 Mbps, and Ryp = 78.91
Mbps, and the throughput gain of FD over HD is Gy = 1.973 which is close to

theoretical maximum of 2 [7].

In [1} and [7], we have noted cyclic prefix (CP) noise problem in the residual SI signal
obtained after linear DSIC techniques and the problem of performance degradation
due to non-linearity at high transmit powers. In this thesis, we propose solutions in
order to alleviate both problems. In the rest of this chapter, for IBFD radios, first
we review different linear DSIC techniques with time-domain estimation (TE) or
frequency-domain estimation (FE) followed with time-domain reconstruction (TR)
or frequency-domain reconstruction (FR). Then, we present the related work in the

literature for non-linear SI cancellation.
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2.2 Linear Digital Self-Interference Cancellation

DSIC involves estimation of the SI channel and reconstruction of the SI signal, both
are performed in frequency or time-domain [1]. Fig. 2.8 depicts the baseband level
block diagram of the OFDM based IBEFD system. Here, the received signal y is:

y = xxh+r+w, (2.4)

where h is the impulse response of the SI channel over the (known) transmitted
samples x. r is the Sol, and w is additive white Gaussian noise (AWGN). Here, *

is the convolution operator.
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Figure 2.8 Baseband model of the OFDM based IBFD transceiver.

As shown in Fig. 2.8, first, the received signal is decimated and y’ is obtained. Then,
the starting point of the packet is determined by means of the long training sequence
(LTS) correlation procedure. As soon as the packet start point is detected, the LTS
symbols are extracted from the preamble part of y’ and are averaged. The average
of LTS symbols is utilized to estimate the SI channel as H in frequency-domain, or

as h’/ in time-domain.

In [1], least squares (LS) algorithm is shown to provide best performance and lower

complexity as compared to other alternatives for SI channel estimation. Therefore,

in this thesis, we utilize the SI channel estimation algorithms based on the LS

approach. In time-domain SI channel estimation (TE), the average of received LTS
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symbols y g is represented by the convolution of transmitted known LTS symbol
with the channel impulse response as in (2.4). It can be re-expressed as a matrix
multiplication of X{pg with the SI channel impulse response h', formulated as
follows [1]:

/ _ / / /
yirs = Xprsh' +wprs .

dlLTSm dlLTSm dlLTS(;\»,U dlLTS(K,,‘,(.,\Am hi
d/LTS@;, dlLTS“) d/LTS(m d/LTS(,\» Kop+d) hg (2~5)
Xirs=| : S , W=
d/LTS(,\» " dlLTS(,\ 2 dlLTs(K y d/LTS[,\» Kew) f(wl
L d/LTS(m d/LTSu\'—U dlLTSu\'—Z) o d/LTS(A—Am»vl)_ L hi’cp J

where Xprg is the KxKcp Toeplitz matrix formed by the known transmitted LTS
symbol dpg which is circularly located in the rows and in the columns. Here, K
is the size of fast Fourier transform (FFT) operation which is equal to the number
of sub-carriers in the communication channel as well as the number of samples in
time-domain in one OFDM symbol without CP. Hence, the size of yjg and Wi g
is Kx1. Kcp is the guard interval provided by the CP [29]. Therefore, the size of
h’ is Kgpx1. The time-domain SI channel estimate, ﬁ{I‘E (Kcpx1), is calculated by

means of

TE = X/},TS'y/LTS' (2.6)

Here, X’ LTS is the Moore-Penrose inverse of X{pg. Note that, the maximum length
of the coefficients of the channel impulse response to be estimated in hpg is restricted
with the length of CP which is Kcp. The frequency-domain representation of }AﬁrE

in (2.6) is obtained from

g = FFT {hipg | (2.7)

In frequency-domain SI channel estimation (FE), the average of received LTS sym-
bols y1pg is converted into frequency-domain by applying FFT yielding Y g with
the size of Kx1. Then, the SI channel estimate I:Ii?E is computed by comparing
Yirg with the known transmitted LTS symbols D} g assigned to K sub-carriers

in frequency-domain [27]:
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A Y/
H/FE = LTS ) (28)

/
LTS

where the size of IQI'FE is Kx1. The time-domain representation of IA{’FE in (2.8) is
obtained by the inverse FFT (IFFT) operation:

hpg = IFFT {Hpg |- (2.9)

Here, the size of ﬁi?E is again Kx1. Note that, with FE, the number of SI channel
coefficients to be estimated is K. Since Kcp is less than K, the performance of FE
surpasses the performance of TE in multi-path environments where the maximum

excess delay is greater than Kcp as shown in performance results.

As it is seen in Fig. 2.8, the reconstruction stage employs the SI channel estimates
and the known transmitted signals to realize a copy of the SI signal. In time-domain
SI reconstruction (TR), the transmitted samples, x’, are convolved with the channel
impulse response estimates, N , in order to obtain the reconstructed SI signal, X,

with the expression

N =h'sx. (2.10)

Either hipg in (2.6) or hpg in (2.9) can be used in (2.10) (in TR) as h',

In frequency-domain SI reconstruction (FR), A’ is obtained by multiplying the chan-
nel estimate H' in frequency-domain with the known symbols D’ followed by the
IFFT operation:

N =IFFT{D'-H'}. (2.11)

Al in (2.7) or Hipg in (2.8) can be used in (2.11) (in FR) as A’. CP insertion and

preamble attachment processes are applied after obtaining A’ [1].

Interpolation process is applied to X’ as the last step of reconstruction for obtaining
A to be subtracted from the received signal y as it is seen in Fig. 2.8. After

performing subtraction, the remaining signal to be processed as Sol is:

y—A=r+w+x, (2.12)
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where, x"® represents the residual SI signal, which appears as additional noise on
top of r, which is subject to regular receive processing as in the IEEE 802.11g OFDM
system [29]. In the rest of this section, r in (2.12) is set to zero for concentrating on
DSIC.

In this thesis, we consider and we evaluate the four DSIC techniques obtained from
the combinations of SI channel estimation and SI signal reconstruction algorithms,
namely TE-TR, TE-FR, FE-TR, and FE-FR. In [1] and [7], on our SDR based IBFD
set-ups, the residual signal 2"¢* in (2.12) contains periodic signals at comparatively
high levels in the transition regions from the end of an OFDM data symbol to the
CP of the next symbol, especially when frequency-domain processing is involved
after subtraction, as shown in Fig. 2.9. In this thesis, we name this problem as
CP noise, and we investigate its origination at different SI channel estimation as
well as SI signal reconstruction stages and how it affects IBFD communication, as

presented in Chapter 3.
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Figure 2.9 CP noise for different DSIC techniques observed from our simulations
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2.3 Non-Linear Self-Interference Cancellation

In the typical system architecture of an IBFD radio depicted in Fig. 2.1, the SI
signal generated from the transmitter’s baseband block is distorted in a non-linear
manner by PA and LNA and in a linear manner by the SI channel, until it arrives at
the receiver’s baseband chain. Especially, at high transmit power levels, the amount
of SI cancellation drops significantly due to the non-linear behavior of the power
amplifiers (PA) on the transmit chain and low noise amplifiers (LNA) on the receive

chain.

For non-linear SI signal modeling, memory polynomial (MP) model has been exten-
sively used in the literature [36], [40], [41]. The MP model can be expressed in its

conventional form as [42]:

P M .
waln] = 3 Y egaln—jllzln -4, (2.13)
i=1,0dd j=0

where ¢; j is the complex coefficient, z[n| and z[n] are the complex, time-domain
baseband equivalents of the RF input and output of the non-linear model, respec-
tively at time instant n. P is the non-linearity order (i.e. degree of the polynomial)
and M is the memory length. Since the even order terms generate distortion com-

ponents outside the signal band, only the terms for odd orders are kept in (2.13) [4].

Considering the channel environment surrounding the radio, modeling the non-linear
effects is not straightforward, since it requires the SI channel to be estimated be-
forehand. In the IBFD radio in [20], SI channel estimation and cancellation are
performed at the RF level with a multi-tap analog canceller. Then, at the base-
band level, ST cancellation is achieved by a non-linear digital SI canceller employing
standard complex form of MP model. The system is integrated with a single pas-
sive antenna and a circulator shared by the transmitter and the receiver. In the
OFDM based IBFD radio in [4], non-linear and linear effects are estimated together
again with the MP model at the baseband level, but estimation is performed at
eight times higher sampling rate (which requires significant hardware modification)
to provide training via the Long Training Sequence (LTS) in the OFDM packet

preamble. Furthermore, analog cancellation is also employed.

In [18], the authors have proposed an iterative technique in order to jointly esti-
mate the linear SI channel and the non-linear coefficients via MP model. This work

presents only simulation results still to be verified on a real environment. As the

18



system model, the authors consider a transmitter and a receiver separated with two
antennas and analog circuitry for suppressing the SI signal. Also, in [37], orthogo-
nalized least mean squares (OLMS) is proposed and in [38] recursive least squares is
applied to reduce the computational complexity of the non-linear MP model, while
providing similar performance. In both solutions, active analog cancellation is also

employed.

Recently, neural networks (NN) have been considered for modelling non-linearity of
wireless systems with reduced computational complexity [39], [43], [44], [45], [46]. In
[43], a real-valued feed-forward NN (RV-FFNN) based SI canceller is proposed, and
in [44], the hardware implementation of this canceler is presented. In [39], complex-
valued FFNN (CV-FFNN) is proposed to perform the SI cancellation demonstrating
that the CV-FFNN achieves the same cancellation as the RV-FFNN although it has
lower computational cost. In [45], a digital cancellation method based on recurrent
NN is employed to eliminate both linear and non-linear parts of the SI signal. Also,
a model based NN solution is proposed in [46]. The NN based solutions reduce the
complexity of the MP model, but they cannot exceed its performance. Furthermore,

in [44] and [45], analog cancellation is again employed.

In contrast to the above IBFD radio designs that need extra hardware for analog
cancellation or require hardware modification, in [5] integrated linear and non-linear
SI cancellation framework has been proposed along with passive suppression (via a
dual port patch microstrip antenna) as a digital solution, without a hardware change.
In the nested and residual integrated approaches in this framework, MP and Support
Vector Regression (SVR) are employed as batch techniques for non-linear estimation,
in addition to a proposed residual online algorithm, named as Orthonormalized LMS
(ONLMS). In the nested approach, linear SI channel effects are first removed by
inverse filtering the received SI signal; then, the inverse filter output is utilized by
non-linear estimation/cancellation. Meanwhile, in the residual approach, non-linear
cancellation is performed over the residual signal after linear cancellation [5]. All
proposed schemes in the integrated framework as well as existing linear and non-
linear cancellation methods are implemented on an OFDM based IBFD radio set-up
and it is shown that the highest total SI suppression is achieved by the integrated
residual MP scheme at moderate power levels and the integrated nested scheme with
SVR provides the highest suppression at high transmit power levels. The residual
online ONLMS outperforms non-linear only OLMS [37], performing close to nested

MP, which has the lowest computational complexity among integrated schemes [5].

The drawback of all abovementioned digital non-linear SI cancellation solutions is

that non-linear estimation is executed on the SI signal that has passed through
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the linear channel. At high transmit power levels, the estimation of the linear SI
channel becomes faulty, which in turn affects and degrades non-linear SI cancellation.
Furthermore, if there is a change in the multi-path environment, the non-linear
model needs to be updated accordingly and the coefficients need to be re-estimated
for the new channel. This can cause excessive estimation (training) overhead each
time the radio changes its environment. Moreover, all are applied in time-domain.
These problems can be overcome with the solution proposed in [2], which employs
an extra (auxiliary) receive chain to provide a non-linear SI signal as a reference to
linear cancellation. Our solution in this thesis aims to estimate and generate the
reference non-linear SI signal for linear cancellation, without the cost of an extra

receive chain, while providing close to highest SI cancellation.
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3. CYCLIC PREFIX NOISE REDUCTION FOR DIGITAL
SELF-INTERFERENCE CANCELLATION IN OFDM BASED
IBFD SYSTEMS

Orthogonal frequency division multiplexing (OFDM) is the pertinent waveform for
current and next generation wireless systems, whose spectral efficiency can be poten-
tially doubled by in-band full-duplex (IBFD) communication. However, in OFDM
based IBFD systems, digital self-interference cancellation (DSIC) employed at base-
band does not provide sufficient cancellation in the cyclic prefix (CP) region. When
the propagation delay between two communicating radios is non-zero, the CP noise
affects the data region of the desired signal. In this chapter, we propose CP noise
reduction (CPNR) technique for OFDM based IBFD radios. We have evaluated
CPNR with time and frequency domain DSIC schemes via both simulations and
MATLAB and FPGA implementations on our Software Defined Radio based IBFD
radio. In the laboratory tests, the total suppression of the IBFD radio is improved
by 6 dB by employing CPNR in frequency-domain DSIC and EVM for bidirectional
communication is improved by up to 5%, allowing realistic propagation delays. In
addition to improving the total suppression and EVM performance, CPNR is also

shown to enhance the multi-path resiliency of DSIC techniques.

3.1 Cyclic Prefix Noise in IBFD Systems

In this section, we present how the CP noise is originated from SI channel estimation

and from SI signal reconstruction and how it affects IBFD communication.
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3.1.1 Issues in SI Channel Estimation

In OFDM systems, an OFDM symbol comprises of a large number of closely spaced
continuous wave tones (sub-carriers) in the frequency-domain. In the considered
system in this thesis, basic windowing is applied to each symbol in the form of square
wave (rectangular pulse), which produces a frequency spectrum represented by a sinc
function convolved with the sub-carriers. The duration of the window determines
the position of the zero crossings in frequency-domain. The sub-carrier spacing is
arranged such that the zero crossings in the spectrum of one sub-carrier corresponds

to the peaks of the adjacent sub-carriers in order to establish orthogonality [30].

In order to explore the problem in SI channel estimation in DSIC for IBFD commu-
nication, we consider the physical layer packet structure of the considered OFDM
system [29], as depicted in Fig. 3.1 (a). The OFDM packet structure starts with
a preamble including repeated LTS symbols in time-domain. After the preamble,
data symbols take place in the OFDM packet with their CP parts copied from
the end of each data symbol and appended to the beginning. Before conversion
to time-domain (i.e., IFFT operation), both data and LTS symbols are prepared in
frequency-domain, allocated to the reserved sub-carriers, as depicted in Fig. 3.1 (b).
Considering the window duration for data and LTS symbols as T seconds as shown
in Fig. 3.1 (a), the zero-crossings for the sinc function, sinc(nT'f), are located at
intervals of 1/T Hertz in frequency-domain, as depicted in Fig. 3.1 (b), ensuring
the orthogonality. When CP is appended at the beginning of each data symbol,
the duration of the data symbol is increased to a total duration of Tiow=T4Tcp
seconds, and the orthogonality of the sub-carriers is disturbed in the new sinc func-
tion, sinc(mTiotf), with zero-crossings at 1/Tior Hertz, as depicted in Fig. 3.1 (c).
The orthogonal and non-orthogonal sinc functions shown in Fig. 3.1 (b) and (c),

respectively, can be expressed as:

sinc®)(f) = sine[7T(f — fr)] ,

3.1
sinel™) () = sine[rTiot (f — fi)] , 3

where f is the continuous frequency and fj is the (k)th sub-carrier (k € [1, KJ).
Let us assume that the message symbol allocated on each sub-carrier is my (k €
[1, K]), which is a random complex number at the output of the modulator and
it is zero (mp=0) for Ky guard sub-carriers among total K sub-carriers and for
DC sub-carrier. In the illustration in Fig. 3.1 (b) and (c), my is set as 1 for data
sub-carriers. As seen in Fig. 3.1 (b), the frequency-domain representation of the

transmitted data symbol without CP, D%, is expressed as
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Figure 3.1 (a) IEEE 802.11g physical layer OFDM packet structure (b) Orthogo-
nalized sub-carriers in OFDM packet (c) Deterioration of orthogonality due to CP
insertion resulting in non-zero values on the guard sub-carriers (d) Power spectral
density of LTS symbol (e) Power spectral density of data symbol with CP

K K ) K*Kgsc Kgsc
=>> mj.sinC(J)(fi) = > mi+ > m; ,
i=1j5=1 =1 i:K—Kgsc+1 (32)
1i=0

where the second summation term, [é corresponds to the total amount of contribu-
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tion from the guard sub-carriers. Since in D't sinc signals are orthogonal, m;’s are
zero on the guard sub-carriers, hence Ig is zero. This also holds true for LTS, and
the power spectral density of the LTS symbol is as shown in Fig. 3.1 (d). Hence,

the frequency-domain representation of LTS, Dj,pg can be expressed as:

KKy
Dirs = Z Z mLTS sincl Z mETS
1=1j5=1
Kgsc (3.3)
LTS :
+ > i
i=K —Kgse+1
1120

However, Dt the frequency-domain representation of data symbol with CP is

expressed as:

K () K- Kgsc K
Dtot Z Z mj‘SinCtJot(fi) = Z Z my. SmCtot(fz)
i=1j=1 i=1 j=1
Kese (3.4)

+ Z ij Slnctot fz) )

i=K —Kgse+1j=1

1540

where Ig is not equal to zero as sinc signals are no longer orthogonal, as depicted in
Fig. 3.1 (c¢). This results in growing side lobes in the spectrum of the transmitted
data symbol with CP, as shown in Fig. 3.1 (e). After passing through the SI channel,

the received data symbol in frequency-domain, D%, is represented as

K_Kgsc K ()
D, = ch Z m;. smctot (fi) = Z Ci Z mjsinctﬁt(fi)
=1 j=1 i=1  j=1
Kgsc K . (35)

Y g mysine)(fi)

i=K—Kgset1 j=1
IE#£0

where ¢; is the SI channel coefficient for each sub-carrier, i. The term, I, involves
the high side lobes due to interference from the neighbor sub-carriers as well as
the ST channel effects. For DSIC for IBFD communication, ¢;’s in I should be

estimated for accurate reconstruction of the SI signal. However, when Di g in
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(3.3) is utilized for SI channel estimation in frequency-domain estimation (FE), the
channel coefficients inside the side lobes cannot be estimated (since Ig = 0 in (3.3));
hence they cannot be represented in the reconstructed SI signal. In time-domain
estimation (TE), the time-domain version of Dipg in (3.3) is utilized in order to
estimate the SI channel impulse response, and hence the effect of the side lobes are
again not reflected. In both cases, the reconstructed SI signal does not include the
effect of the high side lobes in the frequency-domain, resulting in CP noise, which

is spread on the entire residual SI signal in time-domain.!

3.1.2 Issues in SI Signal Reconstruction

In OFDM systems, due to multi-path channel, inter-symbol interference (ISI) occurs
on a given data symbol, resulting in leakage from the previous symbol. In order to
avoid ISI, sufficient amount of guard interval is applied between the data symbols
via the CP field. In time-domain reconstruction (TR), the known transmitted CP
appended data symbols are convolved? with the SI channel impulse response in order
to reconstruct the SI signal. This way, ISI (i.e. leakage) between OFDM symbols is
reconstructed properly in TE-TR and FE-TR techniques.

On the other hand, in frequency-domain reconstruction (FR), the SI signal is recon-
structed by multiplying the channel coefficients with the known transmitted symbols
in frequency-domain. This is followed by conversion into time-domain and append-
ing of the end of the symbol to the beginning as CP, as proposed in [1], and shown
in Fig. 3.2 (b). The obtained CP appended data symbols are combined to form
the reconstructed SI signal, A, without representing the ISI (leakage) between the
(OFDM) symbols. As a result, the reconstructed SI signal A, differs from the re-

ceived SI signal in the CP region by LER. Therefore, CP noise (due to incomplete

estimation as explained above) is further increased with L§% in the CP regions,

when FR is applied, as shown in the residual SI signal in Fig. 3.2 (c).

LGrowing of side lobes in the transmitted data symbol with CP (due to non-zero Ig) does not actually
cause a problem in half-duplex communication. In a half-duplex receiver, the CP is removed from the data
symbol; hence, orthogonality of the data sub-carriers is regained and the spectrum of data without CP is
similar to the spectrum of LTS shown in Fig. 3.1 (d). Therefore, utilizing the ¢;’s obtained from LTS is
sufficient for equalization of the data sub-carriers.

2Here, for convolution, combined FFT and overlap-and-add methods are applied, for faster operation with
lower complexity as compared to direct convolution, as shown in [27], [1].
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Figure 3.2 Illustration of the reconstruction issue in FR technique in [1] (a) received
SI signal (b) reconstructed SI signal (c) residual SI signal

Fig. 2.9 illustrates the CP noise on the residual signal, as observed in our simulations

for four DSIC techniques, TE-TR, TE-FR, FE-TR and FE-FR. Due to incomplete SI

channel estimation, which ignores high side lobes in the spectrum of the transmitted

(and SI) signal, CP noise is observed for both estimation techniques followed with

TR, and it is spread on the entire residual ST signal, as depicted in Fig. 2.9 (b)
err

and (d). CP noise is further increased due to LE in the CP regions, when FR is

employed after SI channel estimation, as shown in Fig. 2.9 (c) and (e).

3.1.3 Issues in Full-Duplex Communication

Now let us consider how CP noise can affect full duplex communication, by closely
looking into a bidirectional IBFD communication scenario as shown in Fig. 3.3 (a).
We assume the physical layer access scheme proposed in [7], depicted in Fig. 3.3
(b), where first, each node alone sends a packet preamble for estimating their own
SI channel, while the other node estimates the communication channel for Sol. After
the preambles, full duplex communication takes place, so that each node transmits
its data, while receiving the other node’s data (Sol) in the presence of residual SI

from its own transmission. When Sol and the SI signals are perfectly synchronized
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Figure 3.3 (a) Bidirectional IBFD communication scheme (b) Packets at Node 1 and
Node 2 are synchronized (c) Packets at Node 1 and Node 2 are misaligned due to
propagation delay ().

as shown in Fig. 3.3 (b), the CP regions and data regions of Sol and SI signals
overlap, so that the CP noise on the SI signal coincides with the CP region of the
Sol. As the data region of the Sol observes small residual SI and CP region is to be
discarded, decoding of Sol is not affected by CP noise. On the other hand, when the
Sol and the SI signals are not synchronized as depicted in Fig. 3.3 (c), which can
happen naturally due to propagation delay (t,) between the nodes, the CP noise
on the residual SI signal appears as additional significant amount of noise on data

region of the Sol, degrading the reception quality.

3.2 Cyclic Prefix Noise Reduction (CPNR) Solution

Our proposed CP noise reduction (CPNR) solution is composed of two steps: 1) Tone
insertion and filtering during LTS duration on the transmit chain for enhanced SI
channel estimation and 2) enhanced SI signal reconstruction on the receive chain,

as described next [3], [47].
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3.2.1 Enhanced SI Channel Estimation

In this section, for improved SI channel estimation, in LTS, we propose to make
mETS non-zero corresponding to [g in (3.3) in order to imitate the interference as it
is observed in the case of data symbols with CPs seen in (3.4). We call this method
as tone insertion method. This way, in the FE technique, ¢;’s inside I in (3.5) will be
also covered in the SI channel estimate Hpg. Similarly, in the TE technique, X} g
will contain high frequency effects; hence SI channel impulse response estimate h’

obtained from X/LTS will cover I é in time-domain.

As an illustration, we can consider the LTS symbol used in IEEE 802.11g [29] stan-
dard depicted in Fig. 3.4 (a). There are 64 sub-carriers throughout the commu-
nication channel (K'=64) including guard sub-carriers. In this figure, for the LTS
symbol, 11 sub-carriers at the both sides of the channel are kept idle as guard sub-
carriers. Furthermore, an interpolation filter is applied for image rejection created
by up-sampling. This entire scheme is also utilized as it is for the data symbols. Fig.
3.4 (b) is an illustration for the employment of the aforementioned tone insertion

approach on the guard sub-carriers of the existing LTS symbol.

Note that, there is a limit for inserting additional training tones to the guard sub-
carriers, due to their images created by up-sampling appearing inside the existing
interpolation filter. Furthermore, the interpolation filter must be flat over the added
tones. Therefore, when we insert training tones to all the guard sub-carriers sub-
carriers, an ideal sharp filter is required for suppressing the out-band image tones,
which is hard to implement practically. Consequently, we only insert the tones to 8
guard sub-carriers out of 11 guard sub-carriers and as a second phase, we enhance
the filter such that it becomes flat over inserted tones to have a proper coefficient
estimation for these tones, but suppresses the image created by up-sampling and
sharp enough not to exceed the bandwidth, as shown in Figure 3.4 (b). Note that,
tone insertion takes place during only the LTS symbol period and within K=64
sub-carriers (within 7" duration and within communication channel bandwidth); so,
it influences neither the bandwidth nor the throughput of the IBFD communication

as it can be seen in Fig. 3.4 (c).
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Figure 3.4 Frequency-domain representation of (a) LTS symbol up-sampled by 2 with
the previously existing interpolation filter (b) the proposed tone inserted LTS symbol
with the enhanced sharper interpolation filter (c¢) the proposed tone inserted LTS
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In Fig. 3.4 (d), we compare the transmit power of the tone inserted LTS symbol
with the spectral emission mask of IEEE 802.11g and we see that the emitted power
is below the limits defined by the mask. Therefore, we conclude that LTS with tone
insertion safely satisfies the spectral emission mask. Also the proposed filter still
prevents the inter-symbol interference (ISI) in time-domain. Increasing the band-
limited factor (/3) of the filter which defines the broadening of the Nyquist frequency
over an ideal filter yields the flatness over the inserted tones and provides suppression
of the images. The aforementioned enhancements are labeled and implemented as
CPNR-1 in the IBFD radio architecture as shown in Fig. 3.8.

3.2.2 Enhanced Frequency-Domain SI Signal Reconstruction

In order to represent the leakage induced by multi-path effect, we propose recon-
structing the CP region of the given data symbol together with the previous OFDM
symbol as shown in Fig. 3.5, rather than directly extracting and appending it in
the current data symbol as in Fig. 3.2 (b) [1]. For reconstruction, we propose to
apply the following steps: First, we extract the CP and the previous symbol from

the known transmit signal, x’, as follows:

PS+Kcp+(i—1)Ksym

X{:rans,i = I_l X/(n) ’ (3'6)
n=PS—(K—Kcp)+(i—1)Kgym

where X{,ans ; contains the (4)th CP of the (i)th OFDM symbol at the end along
with the last part of the (i-1)th OFDM symbol at the beginning. PS is the packet
start index indicating the starting point of the payload part. Kcp is the number
of CP samples extracted from the last part of the OFDM symbol. Kgyy is the
number of samples in the total OFDM symbol, Kgym = K + Kcp. The disjoint

union (concatenation) of the samples is obtained by | | operator to construct a vector.

The frequency-domain representation of the transition region, X¢,,ps ; is obtained
by taking the K-point FFT of X{,ans ;- Then, FR is employed to reconstruct the

o, . /
transition region (Atrans.;):

)‘fcrans,i = IFFT{A/trans,i = Xfcrans,i ) ItI} . (37)

As the next step, the reconstructed CP samples, XCPJ, are extracted from the last
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Kcp samples of Ajpps; obtained from (3.7). The reconstruction of the payload
symbol, Ajata, is obtained from FR by utilizing the known payload symbol D’.
Then, the reconstructed CP and the reconstructed payload are concatenated back
to back to obtain AJ:

K

/CP,i = |_| )‘/trans,z'(n) ) A1iata,z' = IFFT{D; ’ ﬂ} ) (38)
n=K—-Kcp+1

)‘/z = )‘/CP,Z' -+ Ailata,i g (3'9)

Here, ++ operator concatenates two vectors. Finally, whole reconstructed OFDM

packet is:
, Nsts ) ) Nyrs . N .
XN= || Agrs;iHArce H || Arrs+ [ AL (3.10)
i=1 i=1 i=1

In (3.10), the short training symbols (STS) to CP of LTS transition are corrected
once following the same steps as in (3.6), (3.7), and (3.8), successively, and hence
XLCP is obtained. Ng7g is the number of STS symbols, Nig is the number of LTS
symbols, and N is the number of payload symbols. Then X’ is interpolated and A

is obtained to be subtracted from the received signal.
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3.3 Performance Simulations

In order to evaluate the performance of the proposed CPNR solution, we have
first performed detailed simulations to observe digital cancellation in MATLAB
environment, implementing CPNR with different DSIC techniques in comparison to
the results of DSIC techniques without CPNR, considering AWGN, multi-path and

time varying channel models for the SI channel.

3.3.1 Channel Model

The multi-path channel can be characterized as a tapped-delay-line (TDL) channel
model presented in [48]. Assuming that the delay, 7, and the number of discrete
multi-paths, Ppax, are time-invariant, the simplified low pass impulse response of

the multi-path channel in TDL model is expressed as:

Pmaxfl

Bt = Y ap(t)(t—y). (3.11)

p=0

where ay(t) is the complex channel coefficients including both amplitude and phase

effects.

To model the SI channel, the TDL model in (3.11) is used in conjunction with the
IEEE 802.11 indoor channel model in [49] for generating the power delay profile
(PDP) for ay(t). The channel power decreases exponentially with delayed taps as
Ap) = U—lTeXp_st/"T, p=0,1,2,..., Phax, where o, is the rms delay spread, and
T is the sampling time. The maximum excess delay is set to 10 times the rms
delay spread in [49], so the maximum number of paths is calculated by o, and T
as Ppax = [100,/Ts]. With the assumption that the power of the (p)th channel
tap for ap(t) has a zero mean and a variance of o7/2 proposed in [49], it is also
necessary to reflect the Doppler power spectrum over a,(t) to model the time varying
environment. The Doppler power spectrum for the fading characteristics of the

indoor wireless channel is used as in [48]:

S(f) = ! 5, — =2 =5 (3.12)

_1+9(Jf—d)
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In (3.12), f. is the carrier frequency, fq is the Doppler spread, vy is the environmental

speed, A is the wavelength, and c is the speed of light.

3.3.2 Results

Simulations are performed on the system model based on IEEE 802.11g shown in
Fig. 2.8 [29]. The parameters for the simulations are listed in Table 3.1. The
presented performance results are the average of 100 simulation runs. For AWGN,
the SI SNR value is varied from 0 dB to 60 dB. The baseband signal has 20 MHz
bandwidth and it is up-sampled by 2 to obtain 40 MHz signal with a sampling period
of Ty = 25 ns. o, is varied between 0 and 150 ns. In the indoor environment the
environmental speed 1y is around 1.2 km/h, corresponding to Doppler spread fq of
approximately 3 Hz [48]. However, in the simulations, fq is varied from 0 Hz to 300
Hz.

Table 3.1 Simulation parameters

Number of OFDM symbols (N) 100
Number of LTS symbols (Nrrs) 4
Number of STS symbols (Ngrs) 30
Number of sub-carriers (K) 64
Number of CP samples (Kcp) 16
Number of OFDM samples (Kgym) 80
Sampling time (T) 25 ns
Roll-off factor (5) 0.93
Number of payload (or LTS) sub-carriers 48
Number of pilot sub-carriers 4
Number of guard sub-carriers 11
Number of DC sub-carrier 1
Number of inserted sub-carrier for CPNR 8
Modulation 16-QAM

In all the results presented in this section, the amount of digital cancellation is
calculated as the ratio of the received SI signal power to the residual SI signal
power, given in log scale. In Fig. 3.6, digital cancellation performance of all schemes
is depicted as a function of SNR for a delay spread of o, = 75 ns. In these plots, we
provide the performance of DSIC techniques, TE-TR, TE-FR, FE-TR and FE-FR
with CPNR (indicated as proposed) and without CPNR for two cases: When digital
cancellation is measured over the entire packet (indicated as actual) and when DSIC
is measured only over the data region, excluding the CP region (indicated as ideal),

as in [1]. In the ideal case considered in [1], CP region, hence CP noise, is totally
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discarded, assuming perfect synchronization between nodes. However, in real life
scenarios with non-zero propagation delay (t,), nodes are not synchronized, so CP
noise will appear in the data region of Sol as residual SI, corresponding to the actual
case. For all DSIC schemes in Fig. 3.6, we can observe how much the CPNR solution
can improve each technique without CPNR in the actual case and how much the
performance of DSIC with CPNR solution can approach the performance of the

earlier, ideal case, where the CP noise is discarded.
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Figure 3.6 Digital cancellation performance after applying CPNR on DSIC tech-
niques for IEEE 802.11 indoor channel with o, = 75 ns (a) TE-TR (b) TE-FR (c)
FE-TR (d) FE-FR

Looking closely at Fig. 3.6 (a), it can be observed that CPNR can improve TE-TR
without CPNR actual performance by only 0.5 dB at a selected SNR level of 25 dB
and by up to 2-3 dB for high SNR levels, performing 3 dB below the ideal case. Fig.
3.6 (b) shows that CPNR can improve TE-FR actual performance by 8 dB at 25
dB, and by up to 15 dB at higher SNR levels, again performing about 3 dB below
the ideal case. As shown in Fig. 3.6 (d), at 25 dB SNR, CPNR brings 7 dB higher
cancellation to FE-FR in the actual case, promising up to 10 dB enhancement for
high SNR, which is 10 dB below the ideal case. CPNR improves FE-TR actual
case by 2.5 dB at 25 dB SNR and by up to 4 dB at higher SNR levels, while
outperforming the ideal case. Note that, TE-TR and FE-TR techniques employ
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only enhanced SI channel estimation via tone insertion, resulting in cancelling the
remaining [, term. Meanwhile, the improvement by CPNR in TE-FR and FE-FR
is obtained by applying both tone insertion and enhanced FR reconstruction steps
on these DSIC techniques, so that /; and Lgg are both eliminated. For FE-TR,
enhanced SI cancellation via tone insertion also enhances the SI cancellation in the

data region, resulting in higher digital cancellation than the ideal case.
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Figure 3.7 Digital cancellation performance after applying CPNR on DSIC tech-
niques for IEEE 802.11 indoor channel (a) varying delay spread (o), SNR = 25 dB
(b) varying Doppler spread (f;), SNR = 25 dB, o, = 75 ns.

In Fig. 3.7 (a), SNR value is fixed as 25 dB and o is varied between 0 and 150 ns.
Here, we observe that with CPNR, the cancellation performance is preserved for FE-
FR and FE-TR techniques despite the delay spread is increased, while it degrades
for TE-FR and TE-TR with CPNR after 100 ns. This is because, the number of
coefficients in the SI channel impulse response, h' in (2.5) is restricted to the CP
length (Kcp) in order to minimize the size of the Toeplitz matrix, X{ g, and hence
to minimize the computational complexity. When the maximum excess delay of the
channel becomes greater than Kcp, the performance of TE degrades. The number
of coefficients of h’ can be increased to enhance TE to reach the performance of
FE, at the expense of increased complexity due to larger X{pg. Consequently, at
or = 150 ns, it is observed that the performance of FE involved DSIC techniques
with CPNR is around 6 dB over the performance of DSIC techniques with CPNR
utilizing TE. Lastly, we have observed the behavior of DSIC techniques with and
without CPNR, for a time varying channel, considering the channel model for a
range of fq values. Fig. 3.7 (b) depicts the degradation of DSIC performance for
all the techniques, when Doppler spread (fq) is increased. This degradation can be
avoided if channel estimation can be renewed in accordance with fq, which can be

achieved by adjusting the packet size accordingly.

Note that, in the above simulation results, considering the digital cancellation perfor-
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mance achieved by all DSIC techniques with CPNR, especially at high SNR levels,
some degradation from TE-TR is observed in TE-FR, FE-FR and FE-TR tech-
niques, as estimation and/or reconstruction domains are altered. This is because,
during FET/IFFT operations, the size of FFT/IFFT is taken as the length of the
known transmit symbol (K=64) for lower complexity, as proposed in [27]3. For high
SNR values, the SI signal becomes much dominant over noise and the difference
due to (smaller than ideal size) FFT conversion becomes noticeable. For low and
moderate SNR levels, all DSIC schemes with CPNR, perform closely, which is also

the case in the SDR-based set-up, as shown in the test results next.

3.4 Performance Tests on SDR Based IBFD Radio

In the following, MATLAB and FPGA implementations of the CPNR solution in
our IBFD radio on SDR platform are described and the experimental results are pre-
sented. We have considered WARP v3 SDR board, which supports IEEE 802.11g
standard. WARPLab7 framework enables rapid physical layer prototyping by uti-
lizing the WARP v3 hardware and MATLAB [50].

Fig. 3.8 shows the SDR implementation of our IBFD radio architecture, where two
stages of SI suppression are employed. Passive suppression is achieved via the dual
port slot coupled antenna [7]. As the second stage, DSIC techniques with CPNR
(marked as the yellow colored blocks) are implemented on the WARP v3 board first
via MATLAB and then on the FPGA.

3In [27], for TE-TR, for lowering complexity, convolution is applied via circular convolution with FFT
processing and overlap-and-add operations, where the known transmit symbol (of size K=64) and SI
channel impulse response (of size Kop=16) are zero-padded in the end to reach the total FFT size (of
K=80), producing the same result as direct convolution. Meanwhile, for all other techniques (TE-FR,
FE-TR and FE-FR), FFT is taken at the size of the known transmit symbol (i.e., K=64) for lowering not
only computational but also implementation complexity, so that the FFT units in the OFDM receiver can
be re-used.
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3.4.1 MATLAB Implementation and Tests

For MATLAB implementation, WARPLab7 framework enables an interface between
the MATLAB environment running on a PC and WARP v3 hardware. This way,
the transmit and receive waveforms are transferred between MATLAB environment
and SDR board via Ethernet. For evaluating the performance of the techniques in
the multi-path and time varying channel, we have utilized the model in Section 3.3.1
as the channel emulator applied on the baseband samples received from the WARP

radio’s receiving chain buffers as seen in Fig. 3.8.

We have pursued two sets of experiments in this section: In the first experiment
we have considered a single IBFD radio and we have investigated the total SI sup-
pression capability, considering DSIC techniques with and without CPNR, when
Sol is absent. In the second set of experimments, we have evaluated bidirectional
IBFD communication between two IBFD radios and we have investigated the re-
ception performance, in terms of EVM of the Sol, considering synchronous and
asynchronous scenarios for IBED nodes. The parameters for all the experiments are
the same as listed in Table 3.1. The test results for total SI suppression and EVM
are discussed considering four DSIC techniques (TE-TR, TE-FR, FE-TR, FE-FR)
with and without CPNR. All the test results are obtained by taking the average of

100 transmissions.

3.4.1.1 Total SI Suppression

In order to observe the total SI suppression performance on our single IBFD ra-
dio, tests are performed in the open laboratory environment, considering different
transmit power levels. By employing the channel emulator, we have also observed
the effects of rms delay spread and Doppler spread over the total SI suppression
performance. On our IBFD radio setup, the noise floor is around -86 dBm and 67
dB of antenna (passive) suppression is measured. The rms delay spread of our open

laboratory environment is measured as 75 ns.

In Fig. 3.9 (a), where the channel emulator rms delay spread value, o is set to 0 ns
(corresponding to open laboratory environment), it can be observed that applying
CPNR does not change the performance of TE-TR in the laboratory conditions,
but CPNR brings the performance of TE-FR, FE-TR and FE-FR DSIC techniques

to the same level as TE-TR for all power levels. At 8 dBm transmit power level,
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which corresponds to around 25 dB SNR level in the simulations and where peak
total suppression is observed, the improvement by CPNR is measured as 5 dB for
FE-TR, and 6 dB for TE-FR and FE-FR techniques. When the rms delay spread is
increased to 150 ns, in Fig. 3.9 (b), it can be seen that total suppression performance
of TE-TR and TE-FR with CPNR has dropped, while FE-TR and FE-FR with

CPNR preserve their performance for all power levels.
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Figure 3.9 Comparisons of total SI suppression performance measured on the SDR
environment integrated with dual port slot coupled antenna for different values of
o; in the channel emulator (a) o =0 ns (b) o, = 150 ns.
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Figure 3.10 Total SI suppression performance by using channel emulator at 8 dBm
transmit power (a) for the increased o, values while f; =0 Hz (b) for the increased
faq values while o =0 ns.

In the next test, for 8 dBm transmit power level, we have obtained the total can-
cellation results for increasing o, and fq values by employing the channel emulator,
as shown in Fig. 3.10 (a) and (b), respectively. Fig. 3.10 (a) depicts that as o, is
increased, the total SI suppression performance of FE-FR and FE-TR with CPNR
are preserved, while the performance of TE-TR and TE-FR with CPNR degrades

starting from 75 ns. The amount of improvement due to CPNR varies among DSIC
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techniques and according to the multi-path situation. At o, = 150 ns, highest CPNR
enhancement is observed for FE-FR by 13 dB, and FE-FR and FE-TR with CPNR
outperform TE-TR and TE-FR with CPNR by 9 dB. Fig. 3.10 (b) illustrates the
overall total performance degradation for all the techniques when Doppler spread
(fa) is increased, which indicates the packet size should be decreased for updating
SI channel estimation. Our observations for the relative behaviour of the DSIC

techniques in the tests are consistent with our observations for the simulations.

3.4.1.2 Bidirectional IBFD Communication

In practice, during IBFD communication the reception of the Sol and the total SI
suppression are realized at the same time [51]. Therefore, in the second experiment,
in order to evaluate the impact of IBFD communication over the Sol, we have
established the simple physical layer access scheme depicted in Fig. 3.3 (a) to
enable bidirectional IBFD communication between two nodes [7]. For realizing the
bidirectional IBFD communication explained in Section 3.1.3, two WARP v3 boards
are used as Node 1 and Node 2 integrated with the same dual port slot coupled
antenna (Fig. 3.11).

/ Slot Coupled Antennas \
. Sabanc1 .
WARP v3 Boards | Universites

MATLAB Environment g =

Figure 3.11 Bidirectional IBFD communication set-up
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In this set of experiments, we have measured the EVM of the received Sol at the
input of the demodulation block seen in Fig. 3.8 with respect to increasing transmit
power at Node 1, while the transmit power of Node 2 remains fixed at 8 dBm. EVM

is expressed as:

N 2
1 L
T 2 k=1 ‘Sk_sk‘

EVM =
%Zé:ﬂskﬁ

, (3.13)

where L is the symbol length for averaging, S and Sy, are the received symbols and
the ideal symbols, respectively [51].
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Figure 3.12 EVM performance for bidirectional IBFD communication (a) syn-
chronous case (t, = 0 ns) (b) asynchronous case (¢, = 2.4 us) (c) varying prop-
agation delay (f,) at 15 dBm transmit power.

The EVM values at Node 1 are provided in Fig. 3.12 (a) and (b), considering
synchronous and asynchronous cases, respectively. Fig. 3.12 (a) depicts the EVM
performance when the two radios are synchronized. This means, the propagation
delay (tp) is negligible, so that the packets of Sol and SI are well aligned at each
node. Therefore, while decoding the OFDM symbols of the Sol, the CP noise does

not contaminate the Sol, since it does not appear inside the data window. For TE-
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TR, applying CPNR changes neither the total SI suppression (as seen in Fig. 3.9
(a)) nor the EVM performance. For the TE-FR and FE-FR techniques, although the
total SI performance gets better with CPNR (as seen in Fig. 3.9 (a)), the magnitudes
of EVM measures do not change, since the packets are synchronized. Meanwhile,
for FE-TR, both the total SI suppression and the EVM performance is improved
with CPNR even when packets are synchronized. This is because applying CPNR
not only eliminates the CP noise, but also enhances the cancellation performance in

the data region.

We have also investigated the effect of CP noise in the asynchronous scenario, con-
sidering 2.4* pus of propagation delay between two IBFD radios, which represents
the case when the CP noise appears in the middle of the data region (See Fig. 3.3
(c)). As depicted in Fig. 3.12 (b), when the CP noise is negligible, no difference is
observed on the EVM performance for TE-TR after applying CPNR. For TE-FR,
FE-TR, and FE-FR, it is observed that the EVM performance degrades in case of
high propagation delay due to CP noise and applying CPNR enhances their perfor-
mance. Next, we repeat the test for a fixed power level and varying ¢, values (from
0 us to 8 us) covering a duration of two OFDM symbols. The transmit power is set
as 15 dB, which is the power level the largest EVM improvement is observed in Fig.
3.12 (b). Asshown in Fig. 3.12 (c), when the propagation delay is such that the CP
noise appears within the data region of the Sol, EVM values of TE-FR, FE-TR and
FE-FR increase to 15 percent level. Applying CPNR brings their levels back to 10
percent. For FE-TR without CPNR, the EVM is highest for all propagation delays,
since the entire residual SI signal has ripples inside the data window; whereas, for
TE-TR, EVM is low even without CPNR, due to negligible CP noise.

3.4.2 FPGA Implementation and Tests

For FPGA implementation, we have chosen FE-TR with CPNR to be realized on the
Virtex-6 LS240T FPGA of the WARP v3 SDR board. For the implementation, all
the functional blocks within DSIC in Fig. 3.8 (i.e., the blocks in yellow with/without
red for CPNR) are realized °. All computations related to DSIC are performed by
the FPGA, while the baseband TX chain and Sol RX processing (i.e., blue boxes in

4Tn one OFDM symbol, CP and data have 32 and 128 samples, respectively, and the sampling time is 25
ns. Therefore, the propagation delay (¢p) of 2.4 us corresponds to the middle of the data region.

5The implementation is first modeled in System Generator tool [52], which enables the use of model based

MATLAB Simulink for FPGA design [53]. Then, it is synthesized by following the Xilinx® design flow and
imported into the FPGA on the WARPLab7 framework [50].

42



Fig. 3.8) are realized in WARPLab7 MATLAB environment. The design consists
of six main sub-modules. The number of bits used in the sub-modules are listed in

Table 3.2.

Table 3.2 The number of bits used in different sub-modules

Width Integer Fractional

Signal Name (I/Q) Part Part
Decimator:
- Received signal 16 bits 1 bit 15 bits
- Decimator output 16 bits 1 bit 15 bits
LTS Correlator:
- LTS corr. output 16 bits 1 bit 15 bits
SI Channel Estimator:
- FFT input 24 bits 1 bit 23 bits
- FFT output 24 bits 3 bits 21 bits
- IFFT output 24 bits 3 bits 21 bits
- SI channel imp. resp. 16 bits 1 bit 15 bits
Time Domain
Reconstructor:

- Convolution output 17 bits 2 bits 15 bits
- Interpolation output 24 bits 4 bits 20 bits

- Reconstructed SI sig. 16 bits 1 bit 15 bits
Transmit Buffer:

- Transmit signal 16 bits 1 bit 15 bits
Subtractor:

- Residual signal 16 bits 1 bit 15 bits

Having received the SI signal from the on-board analog-to-digital converter (ADC)
into the FPGA with 40 MHz sampling rate, the decimator sub-module filters the
samples with the interpolation filter and it downsamples them by 2. Therefore, the
signal bandwidth is reduced to 20 MHz and it is stored in a buffer for further pro-
cessing. The internal processing clock frequency of the FPGA is 160 MHz. After the
decimator, the samples are cross-correlated with the known LTS samples stored in a
read only memory (ROM) to find the beginning point of the received packet. When
the start of packet is detected, the read address of the receiver buffer is set to the be-
ginning of the LTS samples. Here, the received LTS samples are extracted from the
buffer and processed by the SI channel estimator sub-module. First, 64-sized FFT
operation is performed to convert the signal from time-domain to frequency-domain,
then received and known LTS samples are compared to estimate the channel coeffi-
cients. Then, the estimated SI channel coefficients are translated into time-domain
by the 64-sized IFFT block. Hereby, the impulse response of the SI channel becomes
available in a register to be used in the time-domain SI reconstruction stage. In the
meantime, all the known transmit symbols are stored in the transmit buffer. As
soon as the SI channel impulse response is ready, the SI time-domain reconstructor
sub-module reads it from the register and convolves it with the known transmit sig-
nal retrieved from the transmit buffer. The reconstructed signal is passed through
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the interpolation filter and finally the output is fed into the subtractor sub-module,
to be subtracted from the received signal, which is read from the receiver buffer.
Hence, the residual signal is prepared to be read by WARPLab7 MATLAB. The
details of our FPGA implementation are provided in Appendix A. The experiments
performed in Section 3.4.1 are repeated and the performance results are obtained
by measuring the residual signal retrieved from the implementation. As it is shown
in Fig. 3.13, the Total SI suppression and EVM results obtained from MATLAB
and FPGA implementations are overlap perfectly, with negligibly small deviations

due to quantization errors.
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Figure 3.13 Comparison of total SI suppression and EVM performances obtained
from bidirectional communication experiment (¢, = 2.4 us) for MATLAB and FPGA
implementations.

3.5 Complexity Analysis

In order to assess the computational complexity of DSIC techniques with CPNR,
we consider the number of floating point operations (flops) including all operations
in terms of additions and multiplications, similar to [27] and [1]. In Table 3.3,
complexity of DSIC techniques with and without CPNR are presented. As it is
shown in Table 3.3, when CPNR is employed, tone insertion step does not affect
the complexity of the estimation algorithms since the additional tones are within
the size of K. Only, the complexity of FR is increased by a factor of two, due to
enhanced reconstruction of CP region.
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Table 3.3 Complexity of DSIC Techniques with and without CPNR

Complexity
Estimation Reconstruction
Multiplications Additions Multiplications Additions

TE-TR 4(K.Kcp) 4(K.Kcp) (6Klogy(K)— 17K +36)N | (9K logy(K) — 7K +12)N

— ’é TE-FR || 4(K.Kcp) +2Klogy(K) —TK +12 | 4(K.Kcp) +3Klogy(K) —3K +4 || 2(2Klogy(K) —3K +12)N | 2(3Klogy(K)— K +4)N
4 E‘*) FE-TR 4Klogy(K) — 14K 424 6K logy(K)—6K+8 (6K 1logy(K) — 17K +36)N | (9K logy(K)—TK +12)N
FE-FR 2K logy(K) —TK 412 3K logy(K)—3K+4 2(2K1ogy(K) —3K +12)N | 2(3Klogy(K)— K +4)N
TE-TR 4(K.Kcp) 4(K.Kcp) (6K logy(K) — 17K +36)N | (9K logy(K) — 7K +12)N

o ’; TE-FR || 4(K.Kcp) +2Klogy(K) —TK +12 | 4(K.Kcp) +3Klogy(K) —3K +4 || (2Klogy(K)—3K +12)N | (3Klogy(K)— K +4)N
B 8; FE-TR 4K logy(K) — 14K +24 6K logy(K) — 6K +8 (6Klogy(K) — 17K +36)N | (9K logy(K) — 7K +12)N

FE-FR 2K logy(K)—TK +12 3Klogy(K)—3K+4 (2Klogy(K) —3K +12)N | (3Klogy(K)— K+4)N

Table 3.4 demonstrates a summary of the results for total SI suppression and EVM
performance of different DSIC techniques with and without CPNR, along with their
computational complexity considering the parameters listed in Table 3.1. The total
SI suppression values are given for different o, values at 8 dBm transmit power level;
the EVM values are listed for ¢, = 2.4 us and for o = 0 ns at 8 dBm and at 15
dBm transmit power levels. As it is seen in Table 3.4, despite the fact that applying
CPNR doubles the complexity of TE-FR and FE-FR techniques, their complexity
is still 20 percent below the complexity of TE-TR and FE-TR. Moreover, FE-FR
and FE-TR with CPNR preserve their performance under large delay spreads, while
TE-TR and TE-FR are demonstrating performance degradation, showing the ro-
bustness of frequency-domain estimation against time-domain estimation. As an
example, at o = 150 ns, FE-FR with CPNR (having 86.53 dB total SI suppression)
outperforms approximately 9 dB over TE-TR without CPNR (having 77.42 dB to-
tal ST suppression), and it is 20 percent less expensive in terms of computational
complexity. On the other hand, it can be observed that the EVM performances for
each DSIC technique are recovered to the same level by utilizing CPNR.

Table 3.4 Summary of Complexity and Performance

Total SI Suppression (dB) at Tx. Pow. = 8 dBm EVM (%) at t, = 2.4 us, 0, = 0 ns
Flop Count or =0 ns ‘ o; = 50 ns ‘ or =100 ns | o, = 150 ns || Tx. Pow. = 8 dBm ‘ Tx. Pow. = 15 dBm

TE-TR || 435392 — ~ 1.0x 87.11 87.15 84.44 78.88 5.06 9.12

— % TE-FR || 345488 — ~ 0.8x 86.95 87.32 84.46 78.82 5.16 9.74
3 % FE-TR || 429792 — ~ 1.0x 87.05 87.71 87.35 87.33 5.26 10.10
FE-FR || 337296 — ~ 0.8x 87.17 87.47 87.32 86.53 5.28 10.18

| TE-TR || 435392 — ~ 1.0x 87.07 87.41 83.53 77.42 5.06 9.34

o % TE-FR || 177488 — ~ 0.4x 81.61 77.63 75.06 73.11 6.55 15.22
z % FE-TR || 429792 — ~ 1.0x 82.64 82.72 83.27 83.52 6.33 15.28
FE-FR || 169296 — ~ 0.4x 81.69 77.6 75.48 73.77 6.55 14.94
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4. NON-LINEAR SELF-INTERFERENCE CANCELLATION FOR
IN-BAND FULL-DUPLEX RADIOS

In this chapter, we consider the non-linearity problem at high transmit power levels
in In-Band Full-Duplex (IBFD) radios, and we propose a new, switched radio archi-
tecture along with new time-domain estimation and neural network based frequency-
domain estimation algorithms for non-linear self-interference (SI) cancellation. In
this architecture, non-linear and linear SI cancellation are decoupled, so that non-
linear estimation can be performed separately from and prior to linear cancellation,
and the non-linear SI signal estimated by the proposed algorithms is provided as
a reference to linear cancellation. Our experimental results obtained on an orthog-
onal frequency division multiplexing (OFDM) based IBFD software defined radio
set-up demonstrate that the amount of total SI suppression is improved by up to
13 dB over existing schemes. Moreover, proposed non-linear SI cancellation solu-
tion is immune to changes in the multi-path environment; unlike existing schemes,
which require re-optimization of model parameters and calculation of coefficients for
each setting. Last but not least, with the proposed non-linear algorithms, estima-
tion overhead is alleviated, and computational complexity is reduced by four to six

orders of magnitude.

4.1 Switched IBFD Radio Architecture

In this section, we propose a swithed IBFD radio (IBFD-SW) architecture, where
non-linear and linear effects are handled separately, as depicted in Fig. 4.1. In this
architecture, non-linear SI signal can be approximated, reconstructed and provided
to linear SI cancellation as a realistic reference with high accuracy, which represents

non-linear effects of the transmitter PA and receiver LNA.
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The proposed IBFD-SW architecture has two modes for estimation and cancella-
tion phases. During the estimation (training) phase, i.e. when the switch is at
position 1 as shown in Fig. 4.1, a loop-back is formed from the transmitter to the
receiver, and the analog-to-digital converter (ADC) output is provided as the SI
signal to non-linear estimation block along with the known baseband transmit sig-
nal. The coefficients of the non-linear model are obtained based on the loop-backed
SI signal which involves only the non-linear effects, but none of the linear effects
of the SI channel. The learned non-linear coefficients are stored at the non-linear
reconstruction block, as they can be re-used in the subsequent transmissions during

reconstruction phase.

During the reconstruction phase, when the switch is moved to position 2 as shown in
Fig. 4.1, the learned and stored non-linear coefficients are used with the baseband
transmit signal to generate the non-linear reference SI signal. Linear SI cancellation
utilizes the non-linear reference SI signal along with received baseband SI signal to
estimate the SI channel and reconstruct the SI signal. Linear SI channel estima-
tion is performed on the LTS field in the preamble of the received OFDM packet
and then SI channel estimate is applied to the data part of the OFDM packet in
order to reconstruct the SI signal. Finally, SI cancellation is achieved by subtract-
ing the reconstructed SI signal from the received signal [3]. For digital linear SI
cancellation, time-domain estimation (TE) or frequency- domain estimation (FE)
plus time-domain reconstruction (TR) or frequency- domain reconstruction (FR)
are employed. Hence, four linear cancellation methods, namely, TE-TR, TE-FR,
FE-TR, FE-FR, are considered together with non-linear cancellation (estimation)

for the first time in this thesis.

4.2 Non-Linear SI Estimation Algorithms for Switched IBFD Radio

4.2.1 Time-Domain Non-Linear SI Estimation

Implementing the MP model in (2.13) and training it on our proposed IBFD-SW
test set-up (details of the set-up can be found in the beginning of Section 4.3), we
have optimized its parameters, degree P and memory M, as provided in Appendix
B, and we have shown that highest SI cancellation is achieved when M =0 and
P =5. For our IBFD radio, with M =0, we can re-write z,[n] in (2.13) as:

euln) = 3 cxn)len] (4.1)

i=1,0dd
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Considering x[n] in complex form, the coefficients, ¢; can be directly obtained in
complex form by employing Least Squares (LS) method. We name this solution as

non-linear complex estimation (NLC).

Next, we consider the samples of known transmit signal, z[n], in (4.1) in polar
form as z[n| = rnjexp (j(p[n}), where r[n] and ¢[n| are the magnitude and phase

components. This way, xy [n] is expressed as:

sln] = rua(rln]Jexp (Giln] + g (rlnl) ) = rlnlexp(jipln) + il ).
(4.2)

where ry [n] and (¢[n]+ ¢ [n]) are the magnitude and the phase of xy [n] [54]. Note
that, ¢[n] remains the same as it is generated from the transmit chain, whereas we

propose to estimate 7y [n] and ¢y [n] via the polynomial model:

P .
rwln] = ?ddair"[n],
i=1,0

(4.3)

oxnn] = f} bir'[n).
1=0

Here, P is the polynomial order, and a; and b; are the respective coefficients of
the 7th order terms of the magnitude and phase models, respectively. We name
this solution as non-linear polar estimation method (NLP) where, again, the even
ordered terms are not included in the magnitude model in (4.3) as they generate
intermodulation components outside the signal band. Meanwhile, all odd and even
ordered terms are included in the phase model due to phase wrapping. This way,
in the proposed NLP method, non-linear SI is estimated not only more accurately,
but also with lower complexity (due to real operations), as compared to the NLC
method.

The coefficients a; and b; can be predicted via linear optimization techniques, here
we employ LS estimation, considering a sequence of data samples for training. The
training (estimation) phase is enabled by setting the switch to position 1 in the
switched IBFD radio in Fig. 4.1 (b) and the training data samples, %% [n] (in polar
representation, z%%[n] = rtrain[n]exp(jgpmain[n])) are transmitted. After loop-
back, without the SI channel effects, we obtain the non-linearly distorted version of

each training sample at the output of the ADC as:
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e n] = 5 nlep (o™ ] + il ), (14)

where 7T8[n] is the distorted version of the magnitude 71 [n] and " [n] is the

additional phase due to non-linearity.

For a training length of L-samples, the vector notations of the observed

magnitude distortion, 7%"[n], and phase distortion, % [n], in (4.4)
are approximated by using (4.3) as rn = Uya, @ = Ugb,
train train train train train T train
where ' = [TNL [1] LN [2] T [n] BN [LH and N
: : . : T
{(pﬁ{am[l] e ] IR ) P gpﬁ{am[L]} are L x 1 vectors constructed from
L observation samples, and a=[a1 a3 --- a; --- ap]’ and b= [by by -~ b; --- bp]T

are the coefficient vectors of length (P+1)/2 and (P + 1) respectively. The matrices
U; and Uy, are obtained from the magnitude of the L-transmitted training samples

as follows:
Ttram[l] (rtrain[l])?’ (Ttrain[l])S (Ttrain[l])P

L] (L) (UL e (LY e

1 rtrain[l] (rtrain[l})Q (Ttrain[l])P
U, =

1 Ttrain[L] (Ttrain[L])Q (rtrain[L])P Lx(P+1)

The LS estimator minimizes the squared distance between the observed data and
the estimated data by optimizing the unknown model coefficients for a and b. For

a and b the LS estimators 4 and b are expressed as:

a = (UMG,) UTeimin b = (UTU,) ULt (4.5)
The elements of 4 and b estimated as in (4.5) and they are applied in (4.3). Then, the
magnitude and phase approximations are substituted in (4.2) together with trans-
mitted data samples x[n], in the non-linear SI signal reconstruction phase during the
cancellation phase of the proposed architecture, with the switch at position 2 in Fig.
4.1. Eventually, the following non-linear reference SI signal, 2. [n] is constructed

and passed to the linear SI cancellation stage:
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(4.6)

4.2.2 Frequency-Domain Non-Linear SI Estimation

Considering our IBFD-SW radio architecture during the non-linear estimation
phase, and representing the OFDM signal in frequency domain, the non-linear SI
signal obtained via loop-back (isolated from SI channel effects) is depicted in Fig.
4.2 (a). We propose to estimate the non-linear SI signal in frequency-domain by
first estimating the non-linearity per each sub-carrier via a neural network based
solution (Fig. 4.2 (b), (c)) and then reconstructing the OFDM signal from the re-
constructed subcarriers as in Fig. 4.2 (d). We name this method as, Non-Linear

Frequency-domain estimation (NLF), details of which are derived, as explained next.
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Basically, the transmit SI signal z(t) in Fig. 4.2 (a), is an OFDM signal composed
of K orthogonal subcarriers f; where each subcarrier is modulated by an M-QAM

complex information symbol my. z(t) is expressed as:

K-1
a(t) = Y med? I 0<t<T, (4.7)
k=0

where T' is the OFDM signal duration, and f = k/T is the ky, subcarrier (indexed
with £ =0,1,2,..., K — 1) carrying the mj information symbol. When z(t) is up-
converted to RF level with a carrier frequency f., the passband equivalent of z(t)

can be expressed as:

K-1 K-1 K-1

s(t) = Re{x(t)eﬂ’rfct} = Re{ > mkeJQW(fc+fk)t} =1 (Z myel 2kt 4 5 mke_j%fkt>
k=0 k=0 k=0

(4.8)

where fi = fo+ fi is the frequency of the k' subcarrier at RF level. When s(t) is
provided to the PA at the transmitter, the received SI signal, sy (¢) obtained at the
output of the LNA from loop-back can be expressed as follows:

P
sa(t) = glfyisl(t), (4.9)

1
where 7;’s are the polynomial coefficients and P is the polynomial order, provided
as P =15 from Appendix B. sy (t) contains s(¢) and its harmonics, as well as the

intermodulation products. By substituting (4.8) into (4.9), sx.(t) can be re-expressed

as follows:

1=1 k=0 k=0

LA P (K1 K- N
) = Z) = Zu(p) (5 e S e
i=1

K-1
K-1 j2m > infht

P . i i i . ‘
sl = X (1) | X% X () aile 0200,

. 7|iK—1| n=0

0=—111=—1 i _1=—1
lio|+-++|ix—1]=i

(4.10)

where (Iiol i|iK_1|> = m is the multinomial coefficient. (4.10) demonstrates

that, at the output of the non-linear system, the intermodulation components are the
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K-1
results of the linear combinations of subcarrier frequencies each formed as Z inf),
=0

where the ¢, coefficients are integer values between —i and i. Moreover, in (4 10),
the sum of the absolute values of the coefficients |ig| + |i1| +--- + |ix_1| should be
equal to 7, where 7 represents the order for the given intermodulation. The amplitude
of the corresponding intermodulation component is proportional to the product of
the powers of the symbols m;’s carried by the subcarriers, where the powers are
determined by the absolute values of the coefficients #,,. Odd-order intermodualtion
components are more important, as they fall in band. Rest of the harmonics and
intermodulation components which are obtained from even-orders can be suppressed
by utilizing filters [55].

At this point, we explain (4.10) with an example with two subcarriers, as depicted
in Fig. 4.3. By providing an input signal shown in Fig. 4.3 (a) with subcarriers
f1 and fi enabled for carrying information symbols, my4 and ms, respectively, the
harmonics and intermodulation components expressed in (4.10) at the output can
be observed in Fig. 4.3 (b), where the parameters are set as K =10 and P =9. The

output signal for the example is expressed as:

Iy

K—-1=9 P=9 . —_———
example /,\ 1\* ( liallis| | +jor (ig fr+i5fE)t
S = X | X u(3) Z Z (\m |z‘r|)m4 mlf?! | et liafatisfs)e

k=0 i=1,0dd iyg=—ii5=—1 1

[ia]+]i5]=i
iafi+is fs=% 1},
(4.11)

By excluding the out-band components with the selection of odd-ordered terms

K-1
in (4.10) and considering in-band subcarriers formed by Z inf), = £f;, ie. by
=0

generalizing (4.11), (4.10) can be re-written as:

S ER S IAAUR SN Z ind | gi2m st
St Z i (2) Z Z Z (LO k- 1) H my € k%,
k=0 | i=1,0dd lo=—iiy=—i ip_1=—i
lio|+-++ir —1]=i
iofot+ix—1fic_1=%fy,
(4.12)

Down-conversion of (4.12) from RF level to the baseband yields the baseband xy (¢)

signal as:

54



gexam ple ( f)
_ my ms
2
ety
n
-
>
Ql
£
o Ky K1 K f\\‘ o Ko K1 p Ko f
(a)
xample
S (f)
= my ms
c
.90
»n
] mims mém,
o
5 mim? mim3
mym
S y 52 2 mimg mgm3 2m4m5 2
mimg E 4 mg mg
I m41m5 ]m5m4 mimi T Tm§m4
\ A A A A \Y \ A A A A A A A A \Y A\
QI sl S & Sl o8 A d
,‘/‘\s %‘\u N ";\”‘/'\' v ,,;\‘o e %‘\% ) i >
AN Ard N NN
N §0 g Ko %o
9th 7th Sth 3rd 3rd 5th 7th gth
Even Odd Odd Even harmonics
IMs IMs IMs and even IMs
(b)

Figure 4.3 Harmonics and intermodualtions created by two subcarriers in a
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7Odd 0=—1%11=—1 iK,lzfl

P P i i . K-1 il f K-1 NI s
_ (1 4 2 j2mfrt _ )27 fi.t
) = X | X 2(3) X3 2 (gt ) TE | = 3 it
, liol -+ lik—1l) % =0
lio|++++ig —1|=i
iofot i _1fx_1=%f,

NL
my,

(4.13)

where m}jL is the received information symbol carried by the k™ subcarrier which is

a non-linearly function of all the transmitted information symbols (mg,...,mx_1):
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P . g [ 4
mNL 2 (1)’ . ( > mlin]
M ,72 Ti\2 gz Z_ [0, - |lls 1 H
i=1,0odd lo=—ti1=—1% Ig_1=—1 (4'14)
[io]+++|ir—1]=i
iofotFik—1f_1=% 7,

However, the number of multinomial coefficients in (4.14) is very high which will

result in high computational cost. Moreover, we still need to estimate ; in (4.14).

At this point, we apply a real-valued neural network based solution in NLF, for
modeling of m}jL in (4.14) per subcarrier k. Each neural network based NLF model

is composed of input, hidden and output layers, as depicted in Fig. 4.2 (b). In this

model, the relationship between 7N (approximation of mEL) and my.’s is obtained
as follows:
K-1
= £ 3wl Re{mi} + Z W gy im{met +00 ) re 1,2, R,
k: 0

2 :f Zwrf yil +bT(“2)> y TE [172’*“7R]7
1=1

= 3) (2
Re{mpt} =3 wPy?,
Z? (3), (2)
Im{mlijL} = szz‘ Yi s
=1
ANL Re{anL}—i-]Im{ml,jL}
(4.15)

In (4.15), yq(’l) and yy(?) are the outputs of " neurons of hidden layer 1 and 2,
(1)

respectively. R denotes the total number of neurons in each hidden layer. by

(v)
ij

represent the synaptic weights connecting neurons at layer v (v € [1,2,3]) as depicted

and bg) indicate the bias of r*" neurons of hidden layer 1 and 2, respectively. w;

in Fig. 4.2 (b) and f represents the non-linear activation function.

The weights in (4.15) are estimated by means of a training data set in order to min-
imize the cost function as depicted in Fig. 4.2 (c). Here, for the cost function, total
mean square error (MSE), W, is calculated between the desired output my

and the estimated output mSL strain

NL,train [ l]

[1] for the I*" training instant as follows:

1 L traln A tram rain S rain 2
\P:%lzl{(Re{ NLAmain gy Re{m 0 1) 4 (Tl S0 1)) — T iy H})},
(4.16)
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where L is the total number of training samples in the training data set. The weights

connected to layer v are updated as follows:

w1 +1] = w0l 1]+ Aw 1], (4.17)

()
ij
is computed by Levenberg-Marquardt algorithm [56], in which the cost function

wy;’[I] is the weight for I** training data and the amount of adjustment Awi(;}) 7]

(4.16) is iteratively minimized until the preset target performance is achieved. Initial

weights are chosen randomly and converges iteratively towards their optimum values
(v)
ij

phase, they are stored to be utilized in reconstruction of the non-linear SI signal.

as MSE is minimized. Once all weights, w;,.’[l], are obtained during estimation

During the cancellation phase, non-linear SI symbols mEL at each subcarrier are
reconstructed by utilizing wg-))[l] and my,...,mg_1 as illustrated in Fig. 4.2 (d).
Eventually, the reconstructed non-linear reference SI symbols mONL,...,ml}I(L_l are
passed to the linear SI cancellation stage in frequency-domain. They can be also
provided in time-domain as Zy.[n] after applying IFFT and CP and preamble in-
sertion operations. The implementation of proposed NLF estimation in IBFD-SW

radio architecture is depicted in Fig. 4.4.
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4.3 Performance Tests

In this section, the total SI suppression performance of the proposed non-linear SI
cancellation and existing non-linear methods are investigated on the same SDR set-
up for varying transmit power levels (within the limits of the SDR in the set-up)
and under varying multi-path spread (for the first time in literature). The amount
of total SI suppression is calculated as the ratio of the received SI signal power to
the power of the residual SI signal and it is presented in dB scale. We evaluate
and compare the total SI suppression performance of: 1) Proposed IBFD-SW radio
with NLF estimation and four linear SI cancellation techniques (TE-TR, TE-FR,
FE-TR, FE-FR [3]) 2) Proposed IBFD-SW radio with NLP estimation and four
linear SI cancellation techniques 3) Proposed IBFD-SW radio with NLC estimation
and all linear techniques 4) IBFD-AUX radio [2] with all linear techniques 5) IBFD
radio with integrated nested MP and TE-TR [5] 6) IBFD radio with integrated
residual MP and TE-TR [5] 7) IBFD radio with non-linear only MP [4] 8) IBFD
radio with linear only SI cancellation employing one of the four techniques [3]. In
all presented results for the algorithms, we have applied the optimal values of the
model parameters at each transmit power level, which are determined as explained

in Appendix B and [5].

.. Sabanc1 .
Universitesi

Dual-Port
Antenna

MATLAB Environment

Figure 4.5 IBFD radio set-up

Our OFDM based IBFD radio set-up with a dual port antenna [57] and WARP v3
SDR [6] supporting IEEE 802.11a/g physical layer standard is depicted in Fig. 4.5,
where the non-linear SI estimation/reconstruction and linear SI cancellation algo-
rithms are implemented in MATLAB on the laptop computer. A list of key param-
eters for the set-up is presented in Table 4.1. For the IBFD-SW radio architecture,
for realizing the loop back, WARP v3 SDR is integrated with the FMC-RF-2X245
transceiver board [58] together with Minicircuits ZHDC-16-63-S+ directional cou-
pler [59] and a 55 dB attenuator. The non-linear SI estimation (NLF, NLP, NLC)
and linear SI cancellation (TE-TR, TE-FR, FE-TR, FE-FR [3]) algorithms are im-
plemented in MATLAB environment on the computer as follows: The transmit
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Table 4.1 Parameters For NN Model and For IBFD-SW SDR Set-Up Based on IEEE

802.11g
Number of Hidden Layers 2
Number of Neurons in Each Hidden Layer 5
Hidden Layer Activation Function tansig

Training Algorithm

Levenberg-Marquardt

Performance Measure

Mean Square Error (MSE)

Communication Bandwidth 20 MHz
Center Frequency 2.412 GHz
Sampling Rate 40 MHz
Passive Suppression 73 dB
Coupler Performance 16 dB
Attenuator 55 dB
Noise Floor -85 dBm
Power Amplifier Gain 30 dB
Transmit Power Range -7 dBm to 21 dBm
Number of sub-carriers 64
Number of CP samples 16
Number of payload (or LTS) sub-carriers 48
Number of pilot sub-carriers 4

Number of guard sub-carriers 11
Number of inserted sub-carrier for CPNR, 8

Roll-off factor 0.93
Modulation 16-QAM

waveform generated in the MATLAB environment is delivered to the SDR board
via the Ethernet connection, it is transmitted to the air by means of the antenna and
it is delivered to the the FMC-RF-2X245! receiver board through the coupler. In
the reverse direction, via the Ethernet connection, the receive waveform arriving to
the receiver chains are transferred to the MATLAB environment on the computer.
The non-linear SI estimation phase of the IBFD-SW radio is employed in MATLAB
on the samples received from the FMC-RF-2X245 receiver board and the cancella-
tion phase is performed over the signal arriving from the ordinary receive chain on

the WARP v3 board. Switching between estimation and cancellation phases is also

implemented in MATLAB.

IBFD radio with auxiliary receive chain (IBFD-AUX) in [2] is realized on our WARP
v3 SDR board by employing the FMC-RF-2X245 receiver board. Integrated nested
MP and residual MP [5] schemes, and non-linear only MP [4] are implemented
along with linear cancellation, TE-TR, all in MATLAB, on the WARP v3 SDR
set-up without the FMC-RF-2X245 receiver board, where the estimation and re-
construction are performed over the signal arriving from the ordinary receive chain.
Note that, in all experiments, we consider a single radio, as we measure total SI

cancellation capability; hence there is no Sol from another radio. The provided re-

I'Note that, on WARP v3 set-up used in the experiments, the same local oscillator (LO) clock signal is
shared between the RF transceiver chains and FMC-RF-2X245 boards.
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sults are obtained as the average of 100 experiments, in each experiment an OFDM
packet includes 700 OFDM symbols resulting 56000 samples.

105

-
(=]
o

— 100

]

—
(=]
o

m m

=) =]

c 95} c 95

2 S

@ 2

o 90r ¢ 90

g 2
—#+— [BFD-SW w/ NLF & TE-TR

=] L ] 3

@ 8 =@ [BFD-SW w/ NLP & TE-TR b @ 8

B e [BFD-SW w/ NLC & TE-TR B . -

= 80¢ —8— IBFD-AUX 2] w TE-TR = 80 #=IBFD-SW w/ NLF 8 TE-FR

Ry mafer = IBFD w/ Nested MP [5] ) —8—|BFD-SW w/ NLP & TE-FR

e e —

= 75t + 4= IBFD w/ Residual MP [5] = 75 IBFD-SW w/ NLC & TE-FR
------ IBFD w/ Non-linear Only MP [4] —#—IBFD-AUX [2] w/ TE-FR
*«@ = IBFD w/ TE-TR[3] =@ = |BFD w/ TE-FR[3]

0 : 0 10 1 2ID " : O 10 1 26
-5 5 5 -5 5 5
Transmit Power [dBm] Transmit Power [dBm]

(a) Linear cancellation using TE-TR (b) Linear cancellation using TE-FR

105

iy
o
a

— 100 — 100

m m

h=} =

c 95} c 95

o g

2 2

¢ 90 @ 90

L 2

g g

S g5) = 85

(3] (73]

2 80 [ IBFD-SW w/ NLF & FE-TR 2 30 === |BFD-SW w/ NLF & FE-FR

] IBFD-SW w/ NLP & FE-TR & =& |BFD-SW w/ NLP & FE-FR

2 751 IBFD-SW w/ NLC & FE-TR L 5 =&~ |BFD-SW w/ NLC & FE-FR
IBFD-AUX [2] w/ FE-TR =& |BFD-AUX [2] W/ FE-FR
IBFD w/ FE-TR[3] «@®+ IBFD w/ FE-FR[3]

70 | | | 70 | |
-5 0 5 10 15 20 -5 0 5 10 15 20
Transmit Power [dBm] Transmit Power [dBm]

(c) Linear cancellation using FE-TR (d) Linear cancellation using FE-FR

Figure 4.6 Total SI suppression performance of proposed, IBFD-SW radio w/ NLF,
NLP, NLC and linear cancellation algorithms versus existing solutions, IBFD-AUX
[2] w/ linear cancellation and IBFD radio w/ linear [3], non-linear only [4] and
integrated linear and non-linear cancellation [5]

In the laboratory experiments, in Fig. 4.6 (a), our IBFD-SW architecture with
NLF and TE-TR outperforms IBFD with TE-TR (linear only scheme) by up to
16 dB and improves IBFD with existing digital non-linear cancellation schemes,
IBFD with nested MP [5], residual MP [5] and non-linear only MP [4], by up to
13 dB. It can be seen that, for the simplest IBFD radio, with TE-TR (linear only
cancellation) maximum total SI suppression is measured as 94 dB, which degrades for
power levels above 13 dBm due to non-linearity. Although, nested MP, residual MP
and non-linear only MP provide 3-4 dB improvement over linear only scheme, their
performance degrades for higher power levels since non-linear and linear cancellation
schemes are integrated. However, in our proposed IBFD-SW radio architecture,
since the non-linear and linear effects are perfectly decoupled, the performance of

cancellation is improved.
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As shown in Fig. 4.6 (a), total SI suppression reaches 103 dB for the IBFD-AUX
architecture with TE-TR, where the SI signal is suppressed to the noise level at all
transmit power levels, as verified in Appendix C. The maximum total SI suppression
for IBFD-SW with NLF and TE-TR is obtained as 101 dB at 21 dBm transmit
power level which is the highest transmit power level of the WARP v3 board in
our set-up. The small difference between IBFD-AUX and IBFD-SW with NLF is
due to the fact that, in IBFD-SW with NLF, the non-linear reference SI signal
is estimated digitally, while an anolog reference SI is provided by the extra chain
(causing hardware cost) in IBFD-AUX solution. Moreover, IBFD-SW with NLF
and TE-TR outperforms IBFD-SW with NLP and TE-TR by up to 3 dB due to
frequency-domain non-linear estimation employed on a subcarrier basis. NLP with
TE-TR is 3 dB superior to NLC with TE-TR, which is still up to 7 dB higher than
existing non-linear cancellation algoritms, IBFD with nested MP [5], residual MP [5]
and non-linear only MP [4]. The difference between NLP and NLC algorithms is
due to the fact that, NLP results in more accurate non-linear estimation: Separate
phase estimation in NLP considers all (odd and even) ordered terms, while complex

estimation in NLC considers only odd ordered terms.

In Fig. 4.6 (b), (c), and (d), the total SI suppression is measured for the three
alternative linear SI cancellation schemes, TE-FR, FE-TR and FE-FR, on the same
radio in part (a), excluding IBFD with nested MP, residual MP and non-linear only
MP, which can only work with TE-TR. All linear SI cancellation techniques with the
proposed non-linear estimation algorithms employed on IBFD-SW radio are shown
to perform closely to IBFD-AUX radio, outperforming IBFD radio with linear only
techniques by (up to) 12 dB. At high transmit power levels, some degradation is
observed in respective radios when linear cancellation employs TE-FR, FE-TR and
FE-FR as compared to the results with TE-TR in Fig. 4.6 (a). This is because,
estimation and reconstruction domains are changed via FFT/IFFT operations in
those schemes, where the sizes of FFT/IFFT are taken as the length of the transmit
symbol (K=64) for lower complexity [27], rather than applying circular convolution
with larger FFT/IFFT sizes, as earlier addressed in [3]. Linear SI cancellation
techniques involving FE provide higher multi-path resiliency as compared to the

ones employing TE [3].

Next, we observe the effect of multi-path on the IBFD radios and non-linear can-
cellation solutions by applying a multi-path SI channel emulator on the received
baseband samples in our set-up. The emulated multi-path SI channel can be char-

acterized as a tapped-delay-line (TDL) model with the low-pass impulse response,

C?maux'1
h(t)= Y oq(t)d(t—1,), where 7, is the tap delay, Qmax is the maximum number
q=0
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Figure 4.7 Comparison of total SI suppression performance at 21 dBm transmit
power (a) for time-domain linear cancellation technique (TE-TR) by employing dif-
ferent IBFD radios and non-linear models (b) for different linear cancellation tech-
niques (TE-TR, TE-FR, FE-TR, FE-FR) on the proposed IBFD-SW radio with
various non-linear models

of paths, «, is the complex channel coefficient of path ¢ [60]. The TDL model is
used with the IEEE 802.11 indoor channel model [49] for generating the power delay
profile (PDP) for oy(t). The channel power decreases exponentially with delayed
taps as A(q) = %exp_qu/"T, q=0,1,2,..., Qmaz, where o, is the rms delay spread,
and Ty is the sampling time. The maximum excess delay is set to 10 times the rms
delay spread in [49], so the maximum number of paths is calculated by means of o,
and Ty as Qmaz = [100,/T].

In Fig. 4.7 (a), we compare the total SI suppression performance of the considered
IBFD radios with different non-linear solutions and TE-TR at 21 dBm transmit
power level and varying o, employed through the multi-path SI channel emulator
defined by the TDL model. As o, is increased above 75 ns, the performance of
the IBFD-SW and IBFD-AUX radios as well as IBFD radio with TE-TR (linear
only) is degraded, in a similar (parallel) manner. This is because, in IBFD-AUX
and IBFD-SW, non-linear SI cancellation is completely isolated from the SI channel,
hence the performance under multi-path is determined by linear cancellation alone.
On the other hand, the performance of IBFD with nested MP utilizing the model
parameters optimized for the laboratory environment (L = 10000, M = 256, P =
5) degrades immediately as o, is increased. This degradation is due to the close
adherence between non-linear and linear SI cancellation stages, and the fact that
the memory of non-linear SI model should be increased with increasing multi-path
delay. For a fair evaluation of the IBFD with nested MP, we have re-optimized the
MP model parameters considering the multi-path channel at each o, value and we
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have observed that the optimum memory length (M*) grows with o,. With the
updated optimized memory, the total SI suppression performance of IBFD nested
MP, follows a similar behavior as IBFD-SW, IBFD-AUX and IBFD with TE-TR,
performing only 3 dB above the performance of IBFD with TE-TR for o, values
less than 75 ns. For larger o, values, IBFD with nested MP cannot provide any
improvement over the linear only scheme in IBFD TE-TR. We observe that IBFD-
SW and IBFD-AUX radios provide significant improvements over both linear only
and nested MP (with optimized memory settings): Under severe multi-path, IBFD-
SW with NLF outperforms both schemes by up to 15 dB, while improvement by
IBFD-AUX is up to 17 dB.

In the tests depicted in Fig. 4.7 (b), we observe the behaviour of IBFD-SW with
linear SI cancellation algorithms, TE-TR, TE-FR, FR-TR, and FE-FR, under multi-
path channel environment by employing the same emulator. It can be seen that for
IBFD-SW with NLF and with NLP, the total SI suppression performance is not
affected for FE-FR and FE-TR techniques, while it degrades for TE-FR and TE-
TR after 75 ns. As an example, as depicted in Fig. 4.7 (b), for o = 150 ns, the
performance of IBFD-SW with NLF and with NLP using FE is around 3-5 dB above
that of the same techniques utilizing TE. This is because of better linear channel

estimation in FE as compared to TE, as discussed earlier in [3].

The findings that we noted above for the experiment results under multi-path SI
channel conditions are valid for all high transmit power levels from 13 dBm to 21
dBm as depicted in Fig. 4.8. In Fig. 4.8 (a), we compare the total SI suppression
performance of the considered IBFD radio architectures with different non-linear
solutions and TE-TR as the linear SI cancellation, for high transmit power levels
from 13 dBm to 21 dBm and varying o, from 0 ns to 150 ns. For o, values smaller
than 75 ns, the IBFD radio with TE-TR (linear only) as well as IBFD-AUX and
IBFD-SW architectures are not affected from multi-path for the given transmit
power levels. As o, is increased above 75 ns, the performance of all architectures is
degraded as the performance of TE degrades. On the other hand, the performance of
IBFD with nested MP without updated model parameters degrades immediately as
o+ is increased for the given transmit power levels. When the memory parameter of
IBFD with nested MP is updated for each o, the total SI suppression performance
of IBFD with nested MP follows a similar behavior as IBFD-AUX, IBFD-SW and
IBFD with TE-TR. As it is shown in Fig. 4.8 (b), for IBFD-SW with NLF, the
total SI suppression performance is not affected for FE-FR and FE-TR techniques
for high transmit power levels from 13 dBm to 21 dBm as o, is increased, while it
degrades for TE-FR and TE-TR after o, = 75 ns. This is due to the fact that, in

FE, better linear channel estimation is obtained as compared to TE.
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Figure 4.8 Comparison of total SI suppression performance with respect to high
transmit power levels and rms delay spread (a) for time-domain linear cancellation
technique (TE-TR) by employing different IBFD radios and non-linear models (b)
for different linear cancellation techniques (TE-TR, TE-FR, FE-TR, FE-FR) on the
proposed IBFD-SW radio with NLF model
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4.4 Overhead and Complexity Analysis

4.4.1 Estimation Overhead

The estimation (training) overhead corresponds to the number of samples trans-
mitted in half-duplex mode for the estimation phase of non-linear and linear SI
cancellation. Full-duplex operation is enabled after the completion of estimation
phase to perform the SI cancellation. Since linear estimation is conducted on the
LTS for TE-TR, TE-FR, FE-TR and FE-FR, the training overhead of the linear SI
cancellation stage is confined to the preamble length [1]. For non-linear cancellation

the estimation (or training) overhead depends on the employed solution.

For the proposed IBFD-SW radio, the optimal estimation (training) length for NLF
is found as 2400 samples, and it is 1600 samples for NLP and NLC as shown in
Appendix B. Thanks to the isolation of non-linear and linear effects in our IBFD-
SW radio architecture, training of the non-linear model needs to be done only once,
at power-up, and the learned coefficients can be stored and re-used for subsequent
transmissions, irrespective of the changes in multi-path as shown in the performance
section. Our experiments with continuous transmission for 30 hours proves that non-
linear model is not likely to change much, as shown in Appendix B. Therefore, the
estimation (training) overhead for the proposed algorithms employed on our IBFD-

SW radio architecture is almost zero.

The estimation overhead for nested MP, residual MP and non-linear only MP have
been found as 10000 samples in [5], all obtained and optimized on the same set-up.
It is worthwhile to note that, the nested MP scheme is highly sensitive to changes
in the multi-path environment, as it can be seen in Fig. 4.7. The memory length of
the MP model must be adjusted according to the channel’s multi-path spread, and
the training needs to be repeated for the non-linear model with the new channel;
hence, the estimation is to be repeated each time the radio changes its environment,

increasing the overhead.
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4.4.2 Computational Complexity

In this section, we analyze the asymptotic computational complexity of the proposed
non-linear/linear SI cancellation algorithms in terms of required run-time multiply-
and-accumulate (MAC) operations and compare with the existing schemes. For all
algorithms, we consider a total of N samples. L and () = N — L are the number of
samples used in the non-linear estimation and reconstruction phases, respectively.
K is the number of LTS samples used for linear SI channel estimation and Kop
is the number of samples in CP. R is the number of neurons in each hidden layer
employed in NLF. Also, M is the memory length in nested MP, and finally, P is the

polynomial order in the non-linear models.

For NLF, the computational complexity for non-linear estimation is O(K((L —
(L/(K + Kcp))Kcp) (KlogK +4(R? 4+ R)))) including frequency-domain con-
version, weight adaptation and matrix multiplications, and for reconstruction,
O(K((Q—(Q/(K + Kgp))Kcp)(Klog K +2(R? + R)))) computation is required.
For NLP, the total computational complexity of the estimation phase is obtained as
OBL(P+1)+(L+1)(3P24+6P+2)/2+ (3P3+9P?+9P+3)/2+160L), accounting
for transposing, cross-correlation, inversion and multiplication of matrices as well as
the calculation of magnitude and phase of each complex sample. Similarly, the com-
plexity of reconstruction phase in NLP is around O(3Q(P+1)/2+160Q). Mean-
while, for the estimation phase of NLC, the computational complexity is around
O(P34 P2L), representing the matrix inversion and matrix multiplications; whereas
matrix multiplication of the coefficients for linear SI reconstruction requires O(PQ)
computations. For nested MP, residual MP and non-linear only MP, the compu-

tational complexity for estimation and reconstruction phases has been obtained as
O((MP)3+ (MP)?L) and O(M PQ), respectively in [5].

Regarding the linear SI cancellation techniques, the computational complexity of
the TE-TR technique is calculated as O(K?), accounting for multiplication oper-
ation for estimating the linear SI channel and O(Qlog@) for reconstruction via
convolution operation. In TE-FR, the term for linear SI channel estimation be-
comes O(K? 4+ KlogK), where FFT operation for domain conversion is added,
and reconstruction requires O(2((Q — (Q/(K + Kcp))Kcp)/K)(Klog K)) compu-
tations. Meanwhile, FE-TR consumes O(K + 2K log K) and O(Qlog@Q) computa-
tions in the estimation and reconstruction phases, respectively. On the other hand,
in FE-FR, while O(K + Klog K) computations are required for estimation phase,
ORU(Q—(Q/(K+Kcp))Kep)/K)(Klog K + K)) operations are used in the recon-

struction phase.
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In Table 4.2, we provide simplified complexities by considering only the dominat-
ing terms in the obtained complexity expressions, along with numerical values for
the non-simplified complexities, considering all non-linear and linear schemes. As
shown in Table 4.2, in addition to superior performance, for the estimation phase,
NLF has four orders of magnitude smaller complexity as compared to nested MP
scheme; whereas, for the reconstruction phase, the difference is an order of mag-
nitude. Although, NLP and NLC have an order of magnitude lower complexity as
compared to NLF, their performance is at least 3 dB below the performance of NLF.
NLC has the lowest estimation complexity among all considered solutions which is
six orders of magnitude lower than that of nested MP scheme. For linear SI estima-
tion, FE techniques have two orders of magnitude smaller complexity as compared
to the TE techniques.
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Table 4.2 Computational Complexity of the Non-linear /Linear SI Cancellation Schemes

Technique Simplified Complexity Numerical Values*
Estimation Reconstruction Non-linear Estimation Estimation Reconstruction
Non-linear Linear Non-linear Linear Non-linear-+Linear Overhead (L) Non-linear Linear Non-linear+Linear
NLF TE-TR | O(L(K?log K + K R?)) O(K?) O(QKR?+QlogQ) 2400** 2.81 x10% | 1.23 x 10* 3.47 x 107
NLF TE-FR | O(L(K?log K + K R?)) O(K?) O(QKR?+QlogK) 2400** 2.81 x10% | 1.26 x 10* 3.46 x 107
NLF FE-TR | O(L(K?log K + KR?)) | O(KlogK) | O(QKR?+QlogQ) 2400** 2.81 x10% | 8.86 x 10? 3.47 x 107
NLF FE-FR | O(L(K?logK + KR?)) | O(KlogK) | O(QKR?*+QlogK) 2400** 2.81x10% | 5.39 x 10? 3.46 x 107
NLP TE-TR O(L) O(K?) 0(QlogQ) 1600** 3.57x10° | 1.23x 104 9.97 x 10°
NLP TE-FR O(L) O(K?) O(QlogK) 1600** 3.57x10° | 1.26 x 10* 9.93 x 10°
NLP FE-TR O(L) O(KlogK) 0(QlogQ) 1600** 3.57x10° | 8.86 x 10? 9.97 x 106
NLP FE-FR O(L) O(KlogK) O(QlogK) 1600** 3.57x10° | 5.39 x 10? 9.93 x 10°
NLC TE-TR O(P3+ P?L) O(K?) O(PQ+QlogQ) 1600** 4.33x10* | 1.23x 10* 1.26 x 105
NLC TE-FR O(P?+ P?L) O(K?) O(PQ+QlogK) 1600** 4.33x10* | 1.26 x 10* 1.22 x 106
NLC FE-TR O(P?+ P?L) O(KlogK) O(PQ+QlogQ) 1600** 4.33x10* | 8.86 x 10? 1.26 x 105
NLC FE-FR O(P?+ P?L) O(KlogK) O(PQ+QlogK) 1600** 4.33x10* | 5.39 x 10? 1.22 x 106
Nested MP [5] | TE-TR | O((MP)34 (M P)2L) O(K?) O(MPQ) 10000 1.90 x 101° | 1.23 x 10* 1.10 x 108
Residual MP [5] | TE-TR | O((MP)3+ (MP)3L) O(K?) O(MPQ) 10000 1.50 x 101t | 1.23 x 10% 4.20 x 10%
Non-linear MP [4] | TE-TR | O((MP)3+ (MP)%L) O(K?) O(MPQ) 10000 1.50 x 101 | 1.23 x 10* 4.20 x 10%

* These numerical values are based on non-simplified complexities. The total number of samples used in the calculations is NV = 56000. L samples are used for non-linear

estimation and @) = N — L samples are used for non-linear reconstruction. P =5 is the polynomial order in the non-linear models and M = 256 is the memory length.

For NLF, R =5 is the number of neurons in each hidden layer. For linear cancellation, K = 64 LTS samples are used for linear SI channel estimation. All of these

parameters have been found as optimal values for each scheme on our IBFD/IBFD-SW set-up. All numerical values are represented in terms of the number of real MAC

operations to ensure fair comparisons. Note that, multiplying two complex numbers involves three real multiplications.

** This overhead is to be accounted for only once, at power-up.




5. CONCLUSIONS

In this thesis, we study linear digital self-interference (SI) cancellation (DSIC) tech-
niques and non-linearity problem induced by the hardware components on the In-
Band Full-Duplex (IBFD) radios employing Orthogonal Frequency Division Multi-
plexing (OFDM).

In the first part of this thesis, we have proposed a solution named Cyclic Prefix
(CP) Noise Reduction (CPNR) for improving DSIC in OFDM based IBFD radios, to
eliminate the CP noise on the residual SI signal. In order to evaluate the performance
of DSIC with CPNR, we have performed detailed baseband simulations as well as
labortory tests on our IBFD radio SDR platform, considering multi-path and time-

varying effects on the SI channel through a channel emulator.

We have observed that the performance improvement obtained by CPNR depends
on employed DSIC scheme, channel Signal-to-Noise Ratio (SNR) and multi-path
conditions: In the open laboratory environment, under low multi-path, by applying
CPNR, the total SI cancellation performance of our OFDM based IBFD radio is
improved by up to 6 dB for frequency-domain DSIC, approaching the performance
of time-domain DSIC. Also, for frequency-domain DSIC, Error Vector Magnitude
(EVM) performance for bidirectional communication is improved by 5%. The per-
formance of time-domain DSIC degrades as multi-path becomes severe, while the
performance of frequency-domain DSIC is preserved. For instance, for o, = 150 ns,
highest CPNR enhancement of 13 dB is observed for frequency-domain DSIC. Hav-
ing implemented frequency-domain DSIC with CPNR on the Field Programmable
Logic Array (FPGA) of the Software Defined Radio (SDR) board, we demonstrate
that the test results for total SI suppression and EVM with the FPGA implemen-
tation are inline with the test results on the SDR based IBFD radio set up. We
conclude that CPNR is crucial for not only providing significant improvements in
total cancellation performance of the IBFD radio, but also for allowing IBFD com-

munication in practical, realistic, asynchronous scenarios.

In the second part of this thesis, a new switched IBFD radio architecture (IBFD-SW)

decoupling the non-linear and linear SI cancellation is proposed along with time-
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domain polar non-linear (NLP) estimation and non-linear frequency-domain (NLF)
estimation algorithms. The proposed solutions are evaluated on the WARP v3 SDR
set-up measuring total SI suppression performance in the laboratory environment
as well as with a multi-path SI channel emulator. It is shown that the IBFD-SW
radio with NLF outperforms existing digital non-linear SI cancellation techniques by
up to 13 dB. The IBFD-SW radio implemented on our SDR set-up along with the
non-linear estimation algorithms is capable of suppressing the SI signal to the noise
floor of the WARP v3 board; hence, the maximum achievable performance limits
are obtained for most transmit power levels. Moreover, the proposed solutions are
shown to be robust against changes in multi-path, while the performance of existing
solutions degrades with changing multi-path, as the model parameters should be

updated according to the channel delay.

Estimation (training) overhead and complexity analysis for the proposed non-linear
estimation algorithms are also provided in this thesis. The estimation (train-
ing) overhead of the proposed non-linear algorithms is almost zero unlike existing
schemes. The computational complexity is reduced further, with estimation com-
plexity decreased by four to six orders of magnitude, and reconstruction complexity

reduced by one to two orders of magnitude.

In this thesis, the non-linear SI problem in IBFD radio is alleviated by only a small
hardware modification for the switched architecture and by very low complexity
algorithms for non-linear estimation. Our solution can be adapted to be applied
in OFDM based 4G, 5G systems, as well as emerging 5G+ and 6G technologies,
which are envisioned with applications, such as FD backhaul relaying, simultaneous
transmission and sensing, and cognitive radio. Our work can also be extended
to employ FD in Multiple-Input Multiple-Output (MIMO) and Non-Orthogonal
Multiple Access (NOMA) systems.
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APPENDIX A: FPGA Implementation of Linear Digital SI
Cancellation (DSIC) with CPNR

For FPGA implementation, we have chosen FE-TR with CPNR to be realized on the
Virtex-6 LS240T FPGA of the WARP v3 SDR board from Mango Communications
Inc. [6]. For the implementation, all the functional blocks within DSIC in Fig. 3.8
(i.e., the blocks in yellow with /without red for CPNR) are realized. All computations
related to DSIC are performed by the FPGA, while the baseband TX chain and Sol
RX processing (i.e., blue boxes in Fig. 3.8) are realized in WARPLab7 MATLAB

environment.
WARP v3 FPGA Development Environment

WARP v3 board is designed as a software defined radio (SDR) where wireless com-
munication algorithms are applied as open source codes on WARPLab7 framework
as shown in Fig. A.1. By using the WARPLab7 framework, it is possible to realize
many applications, algorithms and designs from the upper layer applications to the

lowest physical layer algorithms for rapid prototyping.

WARP node
—— Host PC
Dz‘;%'ze' Logic PowerPC
r
Y WARPLab WARPLab | [ Ethernet WARPLab
— - Reference AGC Reference MAC User
Sysgen C Code Driver — (_M-Code
Y_ o WARPLab | [WARPLab
Radio Ethernet Radio Misc Reference M-Code
z Controller MAC Driver Drivers M-Code Examples
—
? Radio —
4 Bridges

Figure A.1 WARPLab7 framework from Mango Communications Inc. [6]

In Fig. A.1, the Xilinx® FPGA on the WARP v3 board (indicated as WARP node)
contains two parts for implementation. The first part is the programmable Logic
(PL) part where the hardware of WARPLab7 Reference design, Radio Controller,
AGC Controller, interface connections such as RF Interfaces, DDR3 Interface, Eth-
ernet Interface, SD Card Interface, WARPLab7 buffers, etc., are designed as Hard-
ware Description Language (HDL) and embedded; the second part is the Processing
PowerPC System (PS) where WARPLab7 Reference C codes and the drivers in
C/C++ language for the peripherals are located. PL is connected to PS via PLB
bus. Host PC is utilized for running the MATLAB [53] side of the WARPLab7
framework as M-Codes. In MATLAB, the transmit packets are prepared and writ-
ten into the transmit buffers via Ethernet connection. Transmit packets are sent
7



to the air via the antennas connected to the RF interface. On the receiving side,
the packets received from the air are stored in the receive buffer and transferred
to the MATLAB environment through Ethernet connection. Receive processing on
the received pakets is performed in M-Code. The complete FPGA configuration
for WARPLABT Reference Design can be found in Fig. A.2. This configuration is
embedded into the FPGA as .bit file which is produced by going through various

design and compilation flows using different Xilinx® tools as follows [61]:

« XSG (Xilinx System Generator) Tool: Modeling and simulation of the
hardware blocks to be embedded in the PL of the FPGA are performed on
XSG. This tool uses Simulink tool in MATLAB environment. The develop-
ment of hardware blocks on Simulink are based on the logic gates library

provided by Xilinx. The verified hardware model via simulations is converted
to HDL format by means of XSG.

« XPS (Xilinx Platform Studio) Tool: The design in HDL format is con-
nected to the PLB bus of PS in the FPGA by using XPS tool. Inter-block
connections and appropriate addressing for the memory units are performed
by this tool in order to obtain a driver-free bare FPGA hardware. Then, the
bare FPGA hardware with PL and PS parts is synthesized for producing an

intermediate .bit file.

« SDK (Software Development Kit) Tool: The driver software for the
support package for the peripheral units on the board (BSP — Board Support
Package) is written and compiled on SDK. An .elf file is obtained via the driver
software after compilation. The .bit file containing the bare FPGA hardware
and the .elf file containing the driver software information are compiled to-

gether in order to produce a new .bit file for the board to be embedded in the
FPGA.

« IMPACT Tool: This tool is used to embed the generated .bit file into FPGA
through a JTAG cable.
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Details of FPGA Implementation of Linear Digital SI Cancellation
(DSIC) with CPNR

FE-TR with CPNR, as shown in Fig. A.3, is realized as an additional hardware
module named as si cancellation to be located inside WARPLab7 Reference de-
sign in PL part. While implementing si_cancellation, we re-utilize and modify
relevant receiver modules from the 802.11 Reference Design of Mango Communi-
cations regarding 802.11g operations [62]. The high level XSG hardware model of
si_ cancellation module is depicted in Fig. A.4. si_cancellation module is converted
into HDL, integrated with WARPLab7 framework, synthesized and embedded into
the FPGA by following the steps and utilizing the tools explained in the previous
section. Then real-time tests are performed on the board. During the real-time
debugging of the implemented blocks, the signals to be observed for debugging pur-
pose are connected to chipscope in the FPGA. Hence, relevant signals are collected
from hardware to be compared with MATLAB algorithm.

S
by l LTS 8
. ! =3
"NR- CPR—Z SI Channel CFO Correlation =

- SI Signal N FFT g & E —
R +~, | Estimation | Correction Packet S Bl
econstr.| h * Y'its acket Start s

Detection
D'irs

FE-TR with CPNR
DSIC Technique

Figure A.3 FE-TR with CPNR DSIC technique in Fig. 3.8 from Section 3.4

The functionality of si_ cancellation module is summarized as follows:

» Reading the received signal arriving from ADC and storing it in the RX Buffer

Decimating the 40 MHz received signal into 20 MHz

Synchronization:

— LTS correlation and packet start detection

— Carrier Frequency Offset (CFO) correction

Frequency-domain channel estimation (FE)

Time-domain SI signal reconstruction (TR)

— Convolution of the generated transmit signal with channel estimation to

obtain reconstructed signal
— Applyin interpolation filter to the reconstructed signal
— Alignment of the reconstructed and received signals

— Gain measurement, scaling and subtraction
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Figure A.4 Xilinx System Generator (XSG) model of the FE-TR with CPNR (si_ cancellation module)



Table A.1 describes the input and output signals of si_ cancellation module.

Table A.1 Desctipion of Inputs and Outputs for si_ cancellation module

System
Generator
Name Direction HDL Type Type Description
axi_ aresetn in std__logic Bool Asynchronous reset signal
clk in std__logic Bool 160MHz clock signal
adc_ 1 in in std_logic_ vector(11 downto 0) | Fix_12_11 | In-phase ADC input signal
adc_q_in in std_logic_ vector(11 downto 0) | Fix_12_11 | Quadrature ADC input signal
age_filt_i in in std_logic_ vector(15 downto 0) | Fix_16_15 | In-phase AGC input signal
age_filt_q in in std_logic_ vector(15 downto 0) | Fix_16_15 | Quadrature AGC input signal
trigger_in in std_ logic Bool Trigger signal
res_i_out out std_logic_ vector(15 downto 0) | Fix_16_15 | In-phase residual signal
res_q_out out std_logic_ vector(15 downto 0) | Fix_16_15 | Quadrature residual signal
res valid out out std__logic Bool Valid for residual signal

Detailed information about the blocks in si_cancellation module are given in the

following.

Decimator

In the decimator block depicted in Fig. A.5, the received SI signal arriving from
ADC is down-sampled from 40MHz to 20MHz. For this purpose, an interpolation
filter is applied to the received SI signal, represented as in-phase dec i in and
quadrature dec_ q_in input signals, in order to produce dec i out and dec_q out
output signals along with an enabler dec valid out. Input signals and output
signals are formatted as Fix 16 _15. In the mean time, these signals are forwarded
to "chipscope" with "cs_ " prefix for real-time debugging after the design is embedded
into the FPGA. Moreover, they are transferred to the MATLAB environment with
'mdl_" prefix in order to compare their values with the values obtained from the
algorithm in MATLAB environment. Further, the "scope" block from the simulink
library is employed for observing the input and output signals prfixed as "'ms_" with

respect to time samples. Simulation waveform for decimator block is shown in Fig.
A.6.
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Figure A.6 Simulation of decimator block

LTS Correlator (lts_ correlator) Block

In LTS correlator given in Fig. A.7, the decimated in-phase and quadrature signals
arriving from decimator are cross-correlated with the known LTS samples stored in
a read only memory (ROM) to find the starting point of the received packet. The
corr__event_ logic sub-block counts four and a half correlation peaks in lts_corr_out
and generates the lts_corr_det_out detection signal as a pulse (as shown in Fig.
A.8). Again signals are connected to "chipscope" and "scope" with "cs " and "ms_"
prefixes, respectively, and they are transferred to the MATLAB environment with

"'mdl " prefix.
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Figure A.7 LTS correlator block [62]
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Figure A.8 Simulation of LTS correlator block

Carrier Frequency Offset (CFO) Correction (cfo_ correction) Block

While the LTS correlation block described in the previous section operates on the
detection of packet start, in CFO correction block, the received samples are stored
in the Samp Buffer for cfo correction, as seen in Fig. A.9. The length of this
buffer is large enough to store more than four LTS signals, each represented by 64
samples, in order not to dismiss any data sample until CFO Estimation is com-
pleted. After the packet start is indicated by Its_sync_in pulse, CFO Estimation
sub-block works on the calculation of the carrier frequency offset by utilizing the
LTS samples from the Samp Buffer. Then, the obtained carrier frequency offset is
corrected on all the received samples. The corrected samples are written into the
output First-In First-Out (FIFO) buffer. Again signals are connected to "chipscope'

and "scope' with "cs_ " and "ms_" prefixes, respectively, and they are transferred
to the MATLAB environment with "mdl " prefix. In Fig. A.10, ms_cfo i out
and ms_ cfo_q_out representing the corrected in-phase and quadrature signals are

plotted as an example.
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Figure A.10 Simulation of CFO correction block

Channel Estimator (channel estimator) Block

Channel Estimator block estimates the channel coefficients by working on the CFO
corrected LTS signals. As it is seen in Fig. A.11, LTS signals (ch_i in, ch_q in)
are first converted into frequency-domain by employing FFT, and then channel es-
timation is performed in mult by LTS sub-block. In this sub-block, known LTS
samples are stored in a ROM and the received LTS samples are compared with
the known LTS samples for determining the channel coefficients. The determined
channel coefficients in frequency-domain is converted back into time-domain by ap-
plying IFFT processing. Thus, the impulse response of the channel is ready to
be used in the next block (td_r) where time-domain reconstruction takes place. In
Fig. A.12, the 64-sample-length channel impulse response signals (ms_ch_h_i_out,
ms_ch_h g out) are plotted along with ms_ch_h_last_out signal indicating the

end of the channel impulse response.
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Figure A.12 Simulation of channel estimator block

Time-Domain Reconstruction (td_r) Block

The channel impulse response obtained in Channel Estimator is convoluted with

the transmit signal stored in the transmit buffer (tx_buff) for reconstructing the

SI signal. For this purpose, before the convolution operation, the coefficients of the

convolution FIR filters in the td_r block shown in Fig. A.13 are loaded with the

channel estimation impulse response (ch_i_in, ch_q in) values. The sub-block that
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performs this loading operation is the coeff reload block. After loading the channel
coefficients into the FIR filters, the td_r config done out valid is asserted indicat-
ing the FIR filters are ready for convolution. This assertion triggers tx buff block
to provide the transmit signals (tx_buff i in, tx_buff ¢ in) to the FIR filters as
input for convolution; hence in-phase and quadrature of SI signal are reconstructed.
Then they are up-sampled via interpolation filters. The amplitudes of the signals
at the output of the interpolation filters are adjusted by rescaling and then the
in-phase and quadrature signals are sent to the cancellation block. In Fig. A.14,
simulation graphs are given for the reconstructed signals, ms_ td r data i out

and ms_td_r data q out, in time-domain.
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Figure A.13 Time-domain reconstruction block
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Figure A.14 Simulation of time-domain reconstruction block

Transmit Buffer (tx__buff) Block

The tx_buff block depicted in Fig. A.15 reads the transmit signals stored in the
DDR memory and sends them to the td_r block. Signals (addr, wen, dout, enable)
required to access DDR memory are generated in this block. Muxes are used for the
selection of word swap and bit swap operations required on the WARPLab7 platform.
The td_r config done out valid signal from the td_r block triggers tx buff, and
as long as the td_r block is ready (tx_buff ready in), the address is incremented
and the signals read from the DDR are sent to the td_r block (tx_buff i out,
tx_buff g out).
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Figure A.15 Transmit buffer block [62]

Cancellation Block

SI cancellation takes place in the Cancellation block as shown in Fig.
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A.16.

In the Cancellation block, dual-port RAMs are used to align the received
ST signals (rx_data_ i in, rx_ data_q in) to the reconstructed SI signals
(td_r_data_i in, td_r_data_q in) generated in td_r block. Triggered by the
td_r config done out valid signal arriving from the td_ r block, the Cancel-
lation block starts to read the received signals from the dual port RAMs by
means of an address generator. Then, the reconstructed signals (td_r data i in,
td_r_data_q_in) are subtracted from the received signals. In the simulation graph
in Fig. A.17, the residual ms res data i out and ms data q out signals after

subtraction appear to be close to zero.
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Figure A.16 Cancellation block
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Figure A.17 Simulation of cancellation block

Verification of FPGA Implementation with MATLAB Results

In si_ cancellation, the simulation results for the signals are transferred to the MAT-
LAB workspace with prefix "mdl " as explained in the previous section. By means
of a separate .m file, Fig. A.18 - Fig. A.22 are generated where the signals ob-
tained at the output of decimator, CFO correction, channel estimator, time domain
reconstruction and cancellation blocks from hardware implementation along with
the corresponding signals obtained from the algorithm are plotted. It is seen from
the figures that the implementation signals and the algorithm signals are completely
overlapping. This means that the implementation model is ready to be converted
into HDL format by means of XSG. After the conversion, si_cancellation module
is integrated with WARPLab7 framework and synthesized in the XPS environment,
and then the whole implementation is embedded into the FPGA. In the following,

as an example, code lines in the .m file for decimator block are provided:
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mdl_dec in =

mdl dec i in{find(mdl dec walid in))+i*mdl dec q in{(find{mdl dec walid in)):

mdl_dec out= mdl dec i out(find(mdl dec walid cut))+i*mdl_dec_q out(find (mdl dec walid out)):
dec matlab = filter(interp filt2, 1, mdl_dec in):

dec matlab = dec matlab/4; % binary point adjustment for decimator out (Fix 16 15

dec matlab = dec matlab{l:2:end);

figure (1)

subplot(2,1,1);

plot (real (dec_matlab),'r", "LineWidth',2});
held on

plot (real (mdl_dec out),'b", 'LineWidth',1);
title ('Decimator Real Output');
xlabel | "sample’) ;

ylabel ("i");

legend|'matlab algorithm', "implementation')
subplot(2,1,2);

plot(imag (dec matlab), 'r", 'LineWidth', Z):
held on

plot (imag (mdl dec out),'b", 'LineWidch®,1);
title {'Decimator Imaginary Cutput'):

xlabel ('sample’) ;

ylabel('qg");

legend|'matlab algorithm', "implementation')

Decimator Real Output

01 T T
— matlab algorithm
implementation
0.05 =
- 0
-0.05 — —
01 | | |
450 500 550 600
sample
Decimator Imaginary Qutput
01 T T
— matlab algorithm
implementation
0.05 =
o 0
0.05 — —
01 | | |
450 500 550 600
sample

Figure A.18 Signals from decimator block
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Time Domain Reconstructed Real Signal
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Figure A.21 Signals from time-domain reconstruction block
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Figure A.22 Signals from cancellation block
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Integration of FPGA Implementation with WARP Board

The si_ cancellation module in HDL format is integrated into the existing FPGA
implementation of WARPLab7 framework by using the XPS tool. For this purpose,
firstly, it is connected to the PLB bus of the Microblaze processor in FPGA to be
able to communicate with the processor. Connections of other ports with ADC and
memory units are accomplished. Then, a suitable address range is assigned to the
si_ cancellation module. After the entire hardware environment is prepared in the
XPS tool, the synthesis process is started for generating a bare hardware .bit file
without containing driver software. In the next step of the flow, using the SDK
tool, the bare hardware and the necessary driver software for the peripheral units
are compiled together in order to generate a complete .bit file. The resulting .bit
file is embedded in the FPGA on the board via the IMPACT tool. The real-time
debugging of the implementation is performed by observing the signals connected
to the chipscope as shown in Fig. A.23. At this point, via Chipscope Pro Analyzer
tool, we plot the chipscope signals during the real-time operation. LTS correlation
signal is given in Fig. A.24. The impulse responses of the estimated channel are
shown in Fig. A.25 and Fig. A.26. Received and reconstructed signals are plotted
in Fig. A.27 and Fig. A.28. In Fig. A.29 and Fig. A.30, the residual signal in
the cancellation block and the received signal are presented together. After the
debugging processes is completed, performance tests were carried out as explained
in Section 3.4.2.
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Figure A.23 Chipscope signals
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The experiments performed in Section 3.4.1 are repeated and the performance results
are obtained by measuring the residual signal retrieved from the implementation.
As it is shown in Fig. A.31, the Total SI suppression and EVM results obtained
from MATLAB and FPGA implementations are overlap perfectly, with negligibly

small deviations due to quantization errors.
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Figure A.31 Comparison of total SI suppression and EVM performances obtained
from bidirectional communication experiment (¢, = 2.4 us) for MATLAB and FPGA
implementations.

102



Synthesis Report

The synthesis report obtained from the XPS tool is shown in Fig. A.32. The total
number of flip flops used in the system is 74205, and the number of LUTs (look up
tables) is 67254. The number of flip flops used by the si_cancellation block is 3606
and corresponds to 5 percent of the total number of flip flops used in the system.
The number of LUTs used by the block is 2445, which is around 4 percent of the
total number of LUTs used.

Project Status (03/07/2019 - 14:07:48)
Project File: system.xmp Implementation State: Programming File Generated
HModule Name: system *Errors:
Product Version: EDK 14.4 *Warnings:
XPS Reports L1
Report Name Generated Errors Warnings Infos
Platoen Log File Wed Mar 6 08:46:50 2019 0 87 Warnings (47 new) 70 Infos (1 new)
Simgen Log File
Bitinit Log File
System Log File Wed Mar 6 10:54:26 2019
xps is Summary (esti values) [ 1
e, oo e Lol SRR sazurs
l Wed Mar 6 08:52:46 2019 74205 67254 37 0
prac) ol% M U
system_boot_jo_mux_wrapper Wed Mar 6 08:45:56 2013 3 0
system_clock_generator_mpme_cocks_wrapper Wed Mar & 08:45:50 2019 0
system_clock_generator_prochussamp_clacks_nrapper Wed Mar & 08:45:43 2019 0
system_clock_generator_asynccks_wrapper Wed Mar 6 08:45:36 2013 0
system radio_controller 0 wray e L3 o
I 3606 2445 []
System_w3_ad_bridge_onboard_wrapper " 2 ]
system_w3_ad_controller_0_wrapper Wed Mar 6 08:44:18 2019 587 1053 0
system_w3_dock_controller_0_wrapper Wed Mar & 08:44:00 2019 461 631 1 0
system w3 iic eeprom onboard wrapper Wed Mar 6 08:43:47 2013 340 560 0
system_axi_sysmon_adc_0_wrapper Sun Mar 3 14:20:59 2013 183 237 0
system_a_timer_0_wrapper Sun Mar 3 14:20:48 2019 222 323 0
system_clk_gen_locked_and_wrapper Sun Mar 3 14:20:30 2019 1 0
system_debug_module_wrapper Sun Mar 3 14:20:03 2019 69 49 0
system_microblaze_0_wrapper Sun Mar 3 14:19:54 2013 2377 2355 0
system_microblaze_0_bram_block_wrapper Sun Mar 3 14:19:10 2013 32 0
system_microblaze_0_d_bram_ctrl_nrapper Sun Mar 3 14:18:58 2019 2 [ 0
system_microblaze_0_dmb_nrapper Sun Mar 3 14:18:51 2019 1 0
system_microblaze_0_j_bram_ctrl_nrapper Sun Mar 3 14:18:44 2019 2 [ 0
system_microblaze_0_imb_wrapper Sun Mar 3 14:18:37 2019 1 0
system_proc_sys_reset_0_wrapper Sun Mar 3 14:18:30 2013 59 56 0
system_rfa_iq_rx_buffer_wrapper Sun Mar 3 14:17:38 2019 32 0
system_rfa_iq_rx_buffer_ctrl_wrapper Sun Mar 3 14:17:26 2019 575 419 0
system_rfa_iq_te_buffer_wrapper Sun Mar 3 14:17:14 2019 2 0
system_rfa_iq_te_buffer_ctrl_wrapper Sun Mar 3 14:17:02 2013 575 419 0
system_rfa_rssi_buffer_wrapper Sun Mar 3 14:16:51 2019 4 0
system_rfa_rssi_buffer_ctrl_wrapper Sun Mar 3 14:16:43 2013 575 419 0
system_rfb_iq_rx_buffer_wrapper Sun Mar 3 14:16:32 2019 2 0
system_rfb_iq_rx_buffer_ctrl_wrapper Sun Mar 3 14:16:19 2019 575 419 0
system_rfb_iq_tx_buffer_wrapper Sun Mar 3 14:16:08 2013 32 0
system_rfb_iq_tx_buffer_ctrl_wrapper Sun Mar 3 14:15:54 2013 575 419 0
system_rfb_rssi_buffer_wrapper Sun Mar 3 14:15:41 2019 4 0
system_rb_rssi_buffer_ctrl_wrapper Sun Mar 3 14:15:33 2019 575 419 0
system_ush_uart_wrapper Sun Mar 3 14:14:59 2019 8s 109 0

Figure A.32 XPS synthesis report for si_cancellation module
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APPENDIX B: Optimization of Non-Linear Model Parameters for
Switched IBFD Radio

A. Optimization for Time-Domain Non-Linear Estimation

We have implemented the IBFD-SW architecture on our SDR based IBFD radio
set-up as described in Section III and shown in Fig. 4.5, and we have conducted
experiments by employing the MP model in (2.13), considering various polynomial
order (P), memory length (M), and training length (L) values, to determine the

optimal settings providing the highest total suppression at all transmit power levels.
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Figure B.1 Evaluation of total SI suppression performance for the proposed IBFD-
SW radio architecture with employing MP model for various P, M and L values (a)
P =5and L=4000 (b) M =0 and L =4000 (c) P=5and M =0 (d) Observation of
total SI suppression performance with stored non-linear coefficients during 30 hours
with optimum parameters (P =5, M =0, L =1600)

In Fig. B.1 (a), P is set as 5 and L is provided as 4000 samples, and the amount of

total SI suppression is plotted as a function of transmit power for different values

of M. Here, in this test, the highest performance is observed when M = 0. Next,
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in Fig. B.1 (b), by setting M as 0 and keeping L as 4000 samples, the amount of
total SI suppression is plotted for different values of P. In this figure, the highest
total SI suppression performance for all the transmit power levels is achieved for
P =5. Finally, in Fig. B.1 (c), having set P =5 and M = 0, different values
of L are considered while observing the total SI suppression. For L = 1600, the
total SI suppression reaches up to its highest value, and beyond 1600 samples it
remains the same. Consequently, the MP model in (2.13) is simplified to (4.1) in
our proposed IBFD-SW architecture. Hence, with the optimized parameters, the
required computation for the model in (4.1) is reduced to estimating only the ¢;
coefficients during the estimation phase. In the next experiment, by applying the
optimum parameters in (4.1), we have obtained the model coefficients, ¢;’s and stored
them after the initial transmission. Then, we have reused the stored coefficients
in the subsequent transmissions for 30 hours, considering different (high) power
levels, as depicted in Fig. B.1 (d). The performance for each transmit power does
not change with time, indicating that re-estimation of non-linear coefficients is not

required.
B. Optimization for Frequency-Domain Non-Linear Estimation

For NLF, we have observed the effect of number of neurons in the MSE performance
and found that the performance is not effected after 5 neurons. On the other hand,
for weight adaptation of each layer, various numerical optimization algorithms have
been utilized in the literature such as gradient descent, resilient propagation, conju-
gate gradient, bayesian regularization, one step secant, Levenberg-Marquardt, etc..
The MSE performance of different algorithms is observed under the same condition
by setting the number of neurons as 5 and by applying up to 8000 training sam-
ples. Among the rest of the algorithms, Levenberg-Marquardt algorithm is shownn
to provide lowest MSE value with the fastest convergence rate which is 2400 sam-
ples. The activation function, f, used in the neurons is tansig function expressed
as tansig(z) = (e* —e ") /(e* +e 7).
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APPENDIX C: Validation of Results for IBFD Radio with Auxiliary

Receive Chain

The IBFD-AUX radio implemented on our SDR set-up is capable of suppressing the
SI signal to the noise floor of the WARP v3 board. We prove this by comparing
the amount of total SI suppression performance in Fig. C.1 (a) with the digital SI
cancellation values depicted in Fig. C.1 (b) obtained in [3]. First we utilize the
measured received signal strength indicator (RSSI) value from Fig. C.1 (c), which
indicates the power of SI signal remaining after the passive SI suppression from
transmit port to the receive port. Then, to obtain the SNR value, we calculate the
difference between RSSI and the noise floor of WARP v3 board which is -85 dBm.
We read the digital ST cancellation amount from Fig. C.1 (b) corresponding to the
calculated SNR and add this value to the amount of antenna suppression which is
73 dB to calculate the total SI suppression. Ultimately, we compare the measured
total SI suppression with the calculated total SI suppression. All measurement and
simulation values for high transmit power settings can be found in Table C.1 and an
illustration of total SI suppression performance for various transmit power settings
is depicted in Fig. C.1 (c). As an example, at 5 dBm transmit power setting, the
measured RSSI value is -68 dBm and the difference between RSSI value and the
noise floor is 17 dB (SNR) and we obtain 17 dB digital SI cancellation performance
corresponding to this SNR value from Fig. C.1 (b). Adding 73 dB antenna sup-
pression to 17 dB digital SI cancellation results in 90 dB total SI suppression. The
calculated total SI suppression value is same as the maximum measured total SI
suppression amount given in Fig. C.1 (a). However, as the transmit power level is
increased beyond 15 dBm, due to saturation of received signal appearing as RSSI
values between -56.5 and -54.5 dBm as plotted in Fig. C.1 (c), the SNR value is

limited around a certain value which limits the performance of linear SI cancellation.
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Figure C.1 (a) Measured total ST suppression performance on IBFD-AUX with TE-
TR (b) Digital SI cancellation performance obtained from simulations for TE-TR (c)
Measured received signal strength indicator (RSSI) at the receiver (d) [lustration
of total SI suppression for various transmit power settings
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Table C.1 Values from measurements and simulations for IBFD-AUX with TE-TR

Antenna Suppression: 73 dB

Transmit Power [dBm]| (set as) | RSSI [dBm] | SNR [dB] | Digital SI Cancellation [dB] | Residual Signal Power [dBm| | Total Suppression [dB]
11 -62 23 23 -85 96
13 -60 25 25 -85 98
15 -58 27 27 -85 100
17 -56.5 28.5 28.5 -85 101.5
19 -56 29 29 -85 102
21 -95 30 30 -85 103
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