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Abstract—In this work, a novel energy-recycling single-antenna
full-duplex (FD) radio is designed, in which a new 3-port elenent
including a power divider and an energy harvester is added
between the circulator and the receiver (RX) chain. The presnce
of this new element brings advantages over the state of the far
in terms of both spectral efficiency and energy consumption.
In particular, it provides the means of performing both an
arbitrary attenuation of the incoming signal, which in turn
increases the effectiveness of the state-of-the-art sdfiterference
cancellation strategies subsequently adopted in the RX cig
and the recycling of a non-negligible portion of the energy
leaked through the non-ideal circulator. The performance @
this architecture is analyzed in a practically relevant 4-rode
scenario in which 2 nodes operate in FD and 2 nodes in half-
duplex (HD). Analytical approximations are derived for both
the achievable rates of the transmissions performed by the B
and HD radios and the energy recycled by the FD radios.
The accuracy of these derivations is confirmed by numerical
simulations. Quantitatively, achievable rate gains up tot0% over
the state-of-the-art alternatives, in the considered scemio, are
highlighted. Furthermore, up to 50% of the leaked energy at the
circulator, i.e., 5% of the energy of the transmitted signal, can
be recycled.

Index Terms—Full-duplex (FD) radios, self-interference can-
cellation, energy harvesting, wireless backhaul, device-device
(D2D) communications.

I. INTRODUCTION

current networks. In this context, one very appealing apgino
that has regained traction lately is the in-band full-duple
(FD) [1]]. Devices adopting this approach can simultangousl
transmit and receive signals in the same frequency band.

FD radios can theoretically achieve a two-fold throughput
improvement without extra antennas or band over their half-
duplex (HD) counterparts. Among the potential solutions to
implement FD radios for future networks, the single-angenn
architectures have recently gained momentlm [2]. This hap-
pens for several reasons. These systems take significantly
less physical space on the devices than their multi-antenna
counterparts, being less demanding in terms of the fornofact
This is of utmost importance when the possible size of the FD
device is limited either by physical constraints, e.g., 3Ssg,
or by practical and commercial purposes, e.g., a portable
device. Remarkably, these architectures have been shown to
be able to achieve the claimed theoretical performance both
in terms of academic prototypes and commercially available
products [[8]. The further element in favor of single-ant@nn
FD architectures is that they share the same radio-frequenc
(RF) circuitry basis with HD systems. Therefore, very dittl
hardware changes are needed to implement a single-antenna
FD radio as compared to a HD one.

The potential performance enhancement brought by the FD
approach depends on how much self-interference (SI) can

INCE the introduction of personal mobile services, wirbe subtracted from the received signal [4]. This aspect is
less traffic demands have increased continuously. TtgPecially relevant in the context of single-antenna FDosad

increase has picked up pace in the last decade due to

yere the self-interference cancellation (SIC) capahbdftthe

popularity of mobile applications and the market penedrati device is significantly hindered by practical hardware téami
of mobile devices with networking capabilities. In a momerfons, €.g., the non-ideality of the antenna circulator [6].

when wireless research has continuously closed the gap

peam a qualitative point of view, the Sl in single-antenna FD

tween the achievable and theoretical capacity boundsyanoradios has two main components: 1) signal leakage between
tive solutions are needed to further enhance the perforenainc the transmit (TX) and receive (RX) ports of the circulator,
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and 2) signal received by the antenna after a propagation in a
multi-path environment. In this regard, it is worth notirigat

the signal leakage from the circulator not only generates Sl
but also reduces the energy efficiency of the FD radio since
part of the power invested by the latter for the transmisgon
wasted due to the leakage.

A. Related Works

The design of SIC algorithms has been widely addressed be-
fore. Notable examples in the literature are the soluticased
on either analog[]5]=[9] or digital signal processirig[10]-
[13] SIC, and the so-called spatial SIC [14]16]. In gehera
performing part of the SIC in the analog domain reduces the
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problems of the saturation of the RX amplifiers and the lothis performance gain may come at a price. In fact, on one
dynamic range at the analog-to-digital converter (ADQ). [Shand the combined effect of the 3-port element and SIC
Several approaches have been proposed in this contextprAvides an effective SINR enhancement for the useful signa
solution based on a balanced feed network in which tlarried by the IC. On the other hand, the power of the latter
transmitted signal is fed to the TX antenna via two paths suaiy significantly decrease as compared to the noise floor
that their corresponding Sl signals are 180 degrees outadfgohduring these operation, inducing an intrinsic signal-tise
is proposed in[[6]. Alternative strategies are proposed8in [ratio (SNR) reduction. In practice, a trade-off, a functiafn
and [9], where the adoption of a RF echo canceler and a phése splitting ratio adopted by the power divider, exists. As
shifter to tune a reference signal in order to match it with® a consequence, a careful performance analysis needs to be
signal are proposed, respectively. The best SIC capakilitie performed to optimize the relevant parameters of the preghos
certainly offered by hybrid solutions adopting both anadogl architecture and assess its merit as compared to the state of
digital signal processind [5][[7]. A quantitatively rerkable the art.
result in this sense is achieved [ [5], where a novel single-A practically relevant case study is identified to achieve
antenna FD radio architecture able to achieve 110dB thfis goal. Accordingly, we consider a hybrid FD/HD four-
SIC for a transmission of an orthogonal frequency-divisiomode setting in which two FD nodes play the role of server
multiplexing (OFDM) signal over a bandwidth of 80 MHz isnodes (SN) while the remaining two play the role of attached
proposed. This solution, essentially based on a hybridognahodes (AN) operating in HD. In this context, we divide
and digital cancellation algorithm, provides a very effieet the communication between the SNs and the ANs into two
way of implementing a FD transceiver without significantlgirections: 1) forward (or “downlink”), and 2) backward (or
increasing both its size and cost. The market potential oii su‘uplink”). Additionally, we assume that the two SNs exchang
single-antenna FD radio is certainly non-negligible. Mated information, regardless of the direction of the commurnaat
by these achievements, prototypes and market-ready poddde rationale behind this setting is that it perfectly cagsithe
have already been showcased and proposed to demonstrze elements of what is currently considered the best eandi
the feasibility of single-antenna FD transmissions in-gal date for future FD-enabled networks, i.e., a system in which
scenarioss[3],[][17], confirming that real-time FD radios caFD and HD devices operate side by sidel[18]. Interestingly,
effectively operate in different environmental condison this rather general setting can model several different rea
life scenarios. Possible relevant examples are: (i) a sieima
which the proposed architecture is used at two mobile dsvice
engaging in a device-to-device (D2D) communication, while
The effectiveness of state-of-the-art SIC algorithms abeing served by two base stations (BSs), or (ii) a scenario in
subject to constraints on the TX power of the FD radio, anghich the proposed architecture is used at two BSs exchgngin
hence, the residual SI1[5].][6]. As a matter of fact, the istgn signaling via a wireless backhaul while serving two mobile
of the Sl can be brought down to the noise floor only if thdevices. In this regard, we would like to note that both D2D
TX power is below a certain threshold, which is determinecbommunications and wireless backhauling are indeed two of
by the nature of the SIC algorithm. Conversely, residual $te envisioned applications for the FD technology both in
appears in the RX chain and the signal-to-interferencs-pliacademic[[4], [[19] and industrial [3] contexts. Furthermor
noise ratio (SINR) of the incoming received signal decreaseve assume that the SNs adopt orthogonal frequency-division
This can significantly degrade the throughput of the FD radimultiple access (OFDMA) to serve their ANs in the same
In this work, we approach this problem, considering that thame slot and frequency band. This choice has a two-fold
range of TX powers of the FD radio may span values abowaotivation. Firstly, this waveform, together with its many
the threshold for complete SIC. To deal with this issue, \ariants (e.g., fitered OFDM[20]), is one of the most likely
novel FD radio architecture is designed and proposed in tluandidates for the air interface design of future 5G network
work. The core novelty of this architecture, as compared for its potential in terms of high data rates, mobility man-
the state-of-the-art alternatives, is the introductioraobne- agement, transmission diversity exploitation potensipgctral
way 3-port composite element, composed of a variable gagfficiency, robustness against inter-symbol interfereracel
power divider and an RF energy harvester (EH), between thienple receiver architecture requiremehtd [21]. Secqmagny
circulator and the RX chain. In practice, the 3-port elemestate-of-the-art works on FD radios are actually based on
splits the signal coming from the circulator into two partsQFDM, e.g., [5], due to the aforementioned reasons. As a
i.e., an information component (IC) to be decoded by ttmnsequence, considering the same waveform as these works
RX chain and an energy component (EC) to be harvestejves us the possibility to compare our results againsttiie s
This has a two-fold advantage on the performance of the KD the art in a very direct and fair way. Finally, in order to
device. Firstly, the intensity of the S| observed in the RXrame a scenario in which the potential of the hybrid FD/HD
chain can be arbitrarily reduced, regardless of the TX powisr fully exploited, we impose that the FD communications
of the FD radio, in turn both restoring the effectiveness dfetween the two SNs do not affect the HD communications
the state-of-the-art SIC algorithms and increasing thetsple between SNs and ANs. In other words, we explicitly account
efficiency of the incoming link. Secondly, the energy efficig for an intrinsic inter-node interference reduction at théYP
of the FD radio can be increased by recycling a portion of thayer, similarly to what is advocated in contributions such
energy leaked at the circulator, otherwise wasted. Howevas [22], [23]. In practice, we will impose that the signaling

B. Our Contribution



between the two FD SNs is exchanged an overlay technique
specifically tailored for OFDM-based communications, the s
called cognitive interference alignment (CIA) [24].
Subsequent to the definition of the reference setting, we
analytically derive the exact/approximated achievabte ot
each link in the considered system. Additionally, we specif
ically analyze the aforementioned trade-off between SINR
enhancement and SNR decrease by studying how the splitting
ratio of the power divider impacts the achievable rateshis t
context, we compute closed-form expressions for the sets of
values of the splitting ratio for which the proposed arattitee
outperforms the state-of-the-art alternatives. In palic we
provide the optimal value of such parameter as a function
of the TX power of the device. Finally, we validate our
derivations by means of numerical simulations and show that
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for the considered reference setting: 1) achievable rates@d rigure 1. Novel FD architecture.

up to40% over the state-of-the-art alternatives can be obtained,
and 2) up to50% of the leaked energy at the circulator, i.e.,
5% of the energy of the transmitted signal, can be recycled.

The remainder of the paper is organized as follows. Tﬁybrid SIC approach as in[5] is assumed. Interestingly thi

novel FD radio architecture is introduced in Sé&d. Il.

Thglement can be built using off-the-shelf components easily

system setup is described in SEG IIl. The forward and ba&\{ailable on the market. In particular, it is composed of:

ward transmission modes are analyzed in Eek. IV and[Sec. V¢
respectively. Finally, numerical results are presentesiea[V]
and conclusion in Se€_VII.

Throughout this work, the mathematical notation adopted
is as follows. We denote matrices as boldface upper-case
letters, vectors as boldface lower-case letters, and we)fét
be the conjugate transpose of a vector/matrix. All vectors
are columns, unless otherwise stated. In particdlarjs the
N x N identity matrix, and0 « v is the L x N zero matrix.

We denotgH], = and[h], as the element in the:xth row and
the nth column of a matrix and theth element of a vector,
respectively. Finally, diadh) is a diagonal matrix constructed
from the vectorh.

Il. ENERGY-RECYCLING FD ARCHITECTURE

Let us now focus on the architecture of the FD SN. We
start by recalling that state-of-the-art SIC algorithms F®
radios are limited in the amount of Sl they can cancel. In
practice, the full effectiveness of the adopted SIC alpani,
which aim at reducing the intensity of the Sl at least at the
same level of the noise floor, is guaranteed only if the TX
power is below a certain threshold [5]. We denote this upper
bound asP;;,. Now, let us assume that the FD device is
able to induce an arbitrary attenuation of the Sl such that
the power of the latter is lower tham.P;;,, with «. defined
as the ratio between the power of the signal leakage and the
TX power. In this case, the SIC technique would provide its
best cancellation performance. As a consequence, sigttifica
SINR gains w.r.t. state-of-the-art solutions could be aobd, .
thanks to the joint effect of the arbitrary attenuation ahe t
SIC. The design of the novel FD architecture proposed in
this work starts from these considerations. Consider the FD
radio architecture depicted in Figl 1. As seen in [Eig. 1, a 3-
port composite element is introduced in the new architectur
between the porB of the circulator and the RX chain, and

Power Divider: The input signal to the 3-port element
is first fed to an adjustable gain power divider and
split into two with the /p and /1 —p power ratios.
We refer top as the power splitting ratio. This com-
ponent is commonly considered at the core of many
wireless power transfer applications, as the enabler of
the so-called power splitting approac¢h|[25]. In particular
it can be implemented by means of Wilkinson power
dividers and balanced-unbalanced (balun) transformers,
commonly developed and studied components in the RF
circuitry domain. In this context, variable gain variants
of such power dividers/balun have been the subject of
intense research in last years. Relevant examples of the
outcome of these efforts are the variable gain Wilkinson
power divider proposed and implemented in microstrip
for microwave applications in_[26] or, more recently, the
variable power division balun proposed and implemented
in microstrip in [27]. In the proposed architecture, the
outputs of the divider are two attenuated replicas of the
input signal, i.e., the IC and the EC. After the power
division, the IC is fed to the RX chain connected to the
second port of the 3-port element, whereas the EC is
fed to the second component of the 3-port element, i.e.,
the EH circuitry. In this regard, we note that no power
division occurs wheneves = 1, i.e., the entirety of the
input signal to the power divider is fed to the RX chain of
the FD radio. This corresponds to a situation in which the
proposed FD radio operates exactly as the state-of-the-art
solution [5], as discussed in the following.
Energy Harvester: The EH circuitry converts a time
varying signal, i.e., the EC, into a direct current (DC)
signal suitable for battery recharging or powering cirguit
The structure and operations performed by a state-of-the-
art EH [28], [29] are:

1) The input signal is rectified by means of a device

commonly referred to asectifier. In general, this



operation is performed by means of suitable diodeA. Impact on the Performance of the FD Radio

In particular, p-n junction diodes are adopted when The gperating scenario in which the proposed architecture
the signal has frequencies in the kHz-MHz ranggyyeils its potential is when the TX power of the FD radio,
whereas devices with shorter transit times and lowgenoted byp, is larger thanP,;,. In this case, the residual Sl

intrinsic capacitances, such as the gallium arsenidgfered by the state-of-the-art solution after the SIC Mfou
(GaAs) Schottky diodes, are adopted when the sigz,e power22No

Hiee 25—~2. Hence, the choice of an appropriate value
nal has fr_eque_nmes_ m_the GHz-THz rangel [29]; fp, ie,p <th %, could reduce the power of the signal
2) The rectified 5|grjal IS flltereo_l by means ofasecon@bming from the circulator such that the full effectiveness
Ofder low-pass filter to obtain a DC voltage; of the subsequent SIC algorithms is restored. Conversely, n
3) Finally, a DC-to-DC converter, e.g., amregulated
buck-bo_ost convertecupe_rating in the discontinuousOver the state of the art wheR < Py, ie., p — 1 is
conductl_o_n model[28], is usually adopt_ed to adarﬂntptimal. Naturally, as previously discussed, the poweideiv
the .rECt.'f'ed voltage to the level requwed by th?a gets the entirety of its input signal. This results in a-no
apphcatl(_)n load, e.g., a storage de""?e' connectg gligible SNR reduction w.r.t. the state-of-the-art $olu,
to the third port of the 3-port element in Fig. 1. potentially affecting the performance of the device. Tovide
the best operating point, the choice of an optimahust be

advantage would be brought by the proposed FD architecture

The obtained voltage by means of this procedure camade accounting for both gains and losses associated to SINR
charge a battery within a range of few Volts. The effienhancement and SNR reduction. This aspect will be further

ciency of the overall RF-to-DC conversion provided byliscussed in the following.

the EH can be modeled by a factére [0, 1], obtained Finally, it is worth noting that the performance of the FD
as the ratio of the DC output energy over the RF inpu&dio is constrained not only by the limitation of the stafe-
energy [28], [[30]. It is worth noting that the state-of-thethe-art SIC solutions but also by practical hardware litrates
art RF EH is already capable of delivering remarkabkhat affect the RX chain of every radio device. In practite, t
conversion efficiencies, i.en; > 50%, and is ready for circuitry performing the digital signal processing in th&X R
commercial usagé [28],[31],[32]. Naturally, the converehain can easily saturate if the power of its input signabas t
sion efficiency strongly depends on how much the Ekarge. LetP,,; > P, be the TX power of the FD device for
can be tailored to the specific architecture/applicatian. Which such saturation occurs. Thus, in general, the degazfin
this context, an appropriate tuning of the EH correspontise IC can be performed by the FD radio only wher %.

to the adoption of a suitable diode able to operate with

signals at the frequencies of interest. As a consequence, I1l. SYSTEM SETUP

every RF EH can be appropriately tuned as long as its

components are suitably chos&RI[29]. Consider the hybrid FD/HD four-node scenario described in

Sec(], in which two FD SNs serve two HD ANs, while sharing
information/signaling over a wireless in-band link. In feu-
lar, and without loss of generality, we assume that the commu
The proposed architecture brings two main advantages owégation between the FD SNs and the HD ANs occurs in the
the state of the art: first, it allows to increase the uppemboutime-division duplexing (TDD) mode. The two phases of this
on the TX power for the FD radio while guaranteeing theommunication are illustrated in Fifgl 2. During the forward
effectiveness of the preexisting SIC algorithms; second, i o _
recycles a portion of the wasted energy at the circulator. [tSN lt]‘ é)N 1 sN1= é)N 1
should be noted that such architecture also offers an implic i
additional advantage in the form of general RF energy har- H T

vesting capabilities. In particular, and similar to whatisne gy , AN 2 gpN ﬁ \‘\\AN 2
in classic wireless power transfer settings| [301.] [33]][3F @4’@ —
energy could always be harvested from the environment by . Forward signal + signaling __.: Backward signal
the proposed FD architecture by setting= 0, whenever no Undesired signal o Signaling
information signal is received. Concerning the latter aspee - Self-interference signal -+ Undesired signal

would like to note that differently from other FD architerts - Sell-inerference signal

that resort to RF energy harvesting to increase their energy
efficiency [35], no restrictions on the usage that may lmgure 2. Communication phases between the SNs and the ANs.
done of the recycled energy are enforced in this contributio

Indeed, several reasonable strategies to make use of spbhse, théth SN simultaneously communicates with both the
energy could be envisioned for the proposed architectuge, eith AN and thejth SN. In the meanwhile, théh AN only
the one proposed in [35]. However any choice in this senseceives the signals from the two SNs, without transmitting
would be arbitrary and out of the scope of this work. Thu€onversely, in the backward phase, itie AN communicates
the identification of possible strategies for the propos&d Fwith its corresponding SN, without receiving informationt
architecture to use the recycled energy is deferred to hdurtthe latter. At the same time, thith SN communicates with the
contribution. jth SN while receiving signals from all the other nodes. We

(a) Forward phase. (b) Backward phase.



assume frequency-selective block-fading channels withl  a CP insertion matrix, then the signal transmitted byitheSN
taps between all the devices, distributed as independemt cdo the ith AN in the forward phase is obtained as,[t] =
plex Gaussian random variables with zero mean and variangg -1y, olt] € CN*E| such that TﬁE[xi_,o[t] (xiyo[t])H]) =
given by¢? € R, depending on the power delay profile (PDP)N + L)P,. Letx; ,[t] be the signaling transmitted from the
of the considered channel. We denote the vectors repragentih to the;jth SN in thetth block, detailed in the following for
the channel between thith-SN-to5th-AN link, the channel simplicity. Thus, we can write the overall transmitted sin
between the SNs, and the multi-path channel experienceddyytheith SN in thetth block asx;[t] = x;.o[t] +xip[t]. Now,
the Sl signal at theith SN ash;; = [h;(0), - ,hyy(1)]" € if we defineq;; as the path loss attenuation between ithe
CHY, hy = [he(0),---,hs(1)]" € C™', and h” = SN and thejth AN, then thetth block is received by théth
[n(0), - - hm(l)]T € C*l.vi,j € {1,2}, respectively, AN as
with h;;(n ) hs(n), and hm(n) € CN(0,£2),Vn € [0,1].
Assuming no RF |mpa|rments and perfect synchronization a?ll ©

= Jau (Hin[t] +H X[t - 1])

the receiver, the channel matrix which models the convatuti + Jag (HXXJ[ |+ Hax;[t — 1]) Fwiolt], (3)
of the signal transmitted by thith SN andh;; can be written '
as with w; ,[t] € CN(0, NoIn 1) additive white Gaussian noise
hiy(0) 0 hi; (1) hij(1) T (AWGN), and whereHv and Hf] are the lower and the
_ upper triangular part oH” responsible for the inter-symbol
hij(1) . : and inter-block interference (ISI and IBI), respectivétythis
: . . . . h(l) regard, we note that all the received signals by the FD radio
H; = ' * . at time ¢ appear in[(B) for the sake of completeness, i.e.,
hij(1) - o kg (0) T 0 the signals transmitted by the serving and the interferiNg S
including both thetth OFDM block and the IBI component
' ) 0 resulting from the multi-path propagation of the — 1)th
L0 o i) e hyg(0) OFDM block, and received with théh block. In order to

1)

Analogously,H, and H"" are constructed from, and h”" decode the received signal, thith AN performs a legacy

s i
respectively. At this stage, we assume that perfect chastaiel OFDMA demodulation and get

information (CSI) is available at each device. As discussed, F (] = D,FB (\/a—“ (Hin[t] FHSx [ - 1])
in Sec., we assume that the communication between SN$ “° ’ "

and ANs is based on OFDMA withV sub-carriers and. + /a5 (Hﬁxj t] + Hﬁ-xj [t — 1]) + wm[t]), 4)
cyclic prefix (CP) symbols. This assumption guaranteesthre

conditions: 1) the frequency-selectivity of the channels be WhereB = [0y Iy] is the CP removal matrix, anB; is
effectively dealt with at the receivers with simple equaiian the N x N sub-carrier selection matrix for/;, i.e.,
procedures, 2) the considered waveform is consistent Wwéh t L menec.

trends envisioned for the 5G air interface design [20], and 3 [Di]mn { ’ o

the resulting scenario is compliant with what is considéred 0, otherwise.

the reference state-of-the-art case [5]. We dendfeas the |n practice, the signal obtained after this process can fitewr
set of sub-carriers allocated to thiln SN-to-AN link, where g

MU ={1,---,N} and 41 N A5 = (. In this context,

the signaling is performed by means of a block transmission ¥ olt] = vauD;FBH}, (AF~'u; o[t] + x; p[t])

with block size N + L symbols, as detailed in the following. +/a;;D; FBHvx, b[t] + DiFBw,,[t].  (5)

Switching our focus to the signaling between the two SNs, we

note that it should not generate undesired interferencaglur

A. Signal Model the OFDM decoding ofu; o[t] at theith AN, as discussed

in Sec.[. Interestingly, the structure of the OFDMA signal

mherently offers a means to achieve this gbal [24]. As aenatt

of fact, x; , [t] does not interfere withu, ,[¢] at theith AN only

if

Fasolt]], = [uiolt], €C, ne A, @ D,FBHYx; 1[t] = 0,
’ " 0, otherwise, D -FBHVxl-_b[t] =0

IV. THE FORWARD PHASE

According to the sub-carrier allocation for the OFDMA
transmission, the information transmitted by i@ SN in the
tth OFDM block, i.e.,u; ,[t] € CV, can be expressed as

Vi, je{1,2} andi #j. (6)

with covariance matrid}, € CV*V. Let F be the normal- In practice, [() is satisfied ifk;[t] € null(D;FBH}, +
ized N-point discrete Fourler transform (DFT) matrix, i.e.D; FBHV) with dim(null(D,FBH}, + DjFBHZ.)) = L.
F] = \/1_ exp ( M) Vm,n € {l,---,N}, We know from [24] that[(5) can always be satisfied if perfect
and CSl is available at the transmitter. This means that ihe
A— { Orxnv—r1) 1o } SN can transmit up td. independent information streams by

Iy precoding them with a matrix whose column space is equal



to null(D,FBHY + DjFBHiVj), i.e., u;p[t] € CL with cancellation can be performed, the obtained signal after th
covariance matri®}, € C-*~. Now, given an arbitrary semi- SIC can be written as

unitary matrixTF € CV+L)%L that satisfies
Yoy [t] = parHY T} Cluy b [t] + wj pt]

. V1F _
{DlFBH@FiF =0, ) + /pan (HY AF ', [f] + HAAF u, [t — 1))
D,;FBH;;I' =0, + /POeg (AF 1wy o[t] + TECFuy 1 [1]) (12)

obtainable by means of matrix operations such as the LQ
factorization, we can express the signaling of ttreSN as ~ With w;» € CA(0, Noly 1) an AWGN and where

Xip[t] = T Clu,, [t] € CVHE, (8) N 0, if p< Lt 13)
o g—t‘}’], if%<p§min{l,%}.

such that T(E[x;[t] (be[t])H]) = (N + L)P, and with
C} € CH** as a matrix offering auxiliary degrees of freedorpg power of the multi-path Sl signal in practical implemen-
to theith SN, to be designed according to criteria of interegitions is typically at leas5 dB lower than the power of
as detailed in the following. Additionally, we note thBt is  the g signal leaking from the circulatdrl[6]. In practice, i
chosen such that the TX power budget per symbol at the Spn pe safely assumed that the contribution of the former
i.e., P, is not exceeded, that i&, = P — F%. to the overall Sl signal in[{12) is quantitatively negligibl
Then, only the Sl signal leaking from the circulator will be

B. Performance of the Transmission in the Forward Phase considered in the following, for simplicity. At this stagé s

. . . .__._convenient to divide the analysis into two parts, for theesak
We first consider the rates achieved by the transmission i . . P
completeness. First, we will focus on the casel —i&

the forward phase. Given that the signaling between the SNs ™~ : . P
satisfy [6), we can rewrité]5) as In"which no residual Sl affects the decoding of the signaling

Then, we will study the casé® < p < min {1, B}, in
yfo[t] = \/a_ﬁDidiag(ﬁii)ui,o[t] +D;FBw, .[t], (9) which residual S| remains after the SIC.
1) Absence of Residual Self-interferenderom [I3) we

= T .
where hy; = VNF [h},01,(v_;—1)] . Like the conven- have thata., = 0 in this case, then[{12) can be rewritten
tional OFDMA scheme, théh SN transmits.#;| independent gs

information streams to thé&h AN via |.4;| parallel Gaussian
channels. Thus, the achievable rate over the link between th Y5y [t = vpanHY T Clun[t] + z0[t],  (14)
ith SN to theith AN in the forward phase is given by

- - where z;,[t] = wult] + /pan(HYAF u,[t] +
P 1 S log, (14 @i [P o lnn|[Dii]n] (10) HEAF ' [t — 1)) is the equivalent noise. In this regard,
" N+L et ? No ’ we note that it is reasonable to assume that each SN may

have an estimation of the covariance matrix of the OFDM
where [PF ] = (4, — —DNo__ +7 Vn € .4, is the Signal transmitted by the other SN in this phasel [3[7]] [38].

L ©olnn (o773 [flu]n|2 . . i
water-filling (WF) power allocation solution, with, ; chosen Accordingly, let

Fy
such that T(P},) = NP, [38]. cov(z;) = Noly 11 + pan, HY AF ' PY FA (HY )"

ApA-1pF HppoH
C. Performance of the Signaling between SNs +pa HEAF TP} FAT(HY) (15)

We now focus on the achievable rate over the link betweg® the corresponding noise-whitening matrix. The whitened
the two SNs in the considered scenario. The received sigRatsion of [I#) can be written as
at the jth SN, including both the Sl and the signal from the

other SN, in thetth block is y3IC[] = /pancov 2 (z;, ) HY TF Clu, 1]
_ 1
Yiplt] = /pon HY x,[t] + VoarHE X[t — 1] + /pax; 1] + OV 2 (2,) 2 b [t]- (16)
mV mA
+ Voo X[t + /o HF TG [t = 1]+ winll], (11) Now, we focus on the first right-hand side element
1
where,/acx; represents the signal leakage from the circulat9f @B and let cov:(z;,)HYTY = UIS(Q))

of the FD radio,a,, is the path loss factor modeling theb® @ singular value decomposition (SVD), Wiﬁf €
attenuation affecting the component of the SI that expedsn C<N+L>X(_]V+L) and Qi € C"*" unitary matrices, and

a multi-path propagation, ands, is the path loss factor =i = [diagl,,...,07 ) Orxn]" whereo}, is the ith
characterizing the link between the two SNs. Given the matugingular value of covz (z;,)HYTY. The link between the

of the communication, we can safely assume a block-wis&0 SNs can then be decomposed irtoparallel indepen-
decoding of the signaling at each SN. In this context, @ent Gaussian channels by letti@ = QY and defining
successive interference cancellation approach could deted (UiF)HCO\F% (z;,,) as the decoding matrix for thi¢h signal-

to correctly subtract the signal decoded in one block froing. The achievable rate over the link between the two SNs
the signal present in the subsequent block. Thus, if a perfatthe forward phase, from the point of view of thil SN, is



then given by case, we obtain the achievable rate over the link between the
two SNs in the forward phase as

~

R

2
(14 pon [PE],,, [SFT2,). poy (N + 1) B[S,

L
1
n=1 R, (p) = w—= > log, <1+

(17) N+L— L

(21)

with [PZFb} = (k2; — (pa [EF}Q )_1)+ Vn €
{1,---,L} bemg the WF solution, Whereg . Is chosen such D. The Impact of the Splitting Ratio
that Tr(PF ) = (N+L)P,. In practice, the information _ )
required at both SNs to perform these computations could beBY 100king at (I1) andl(21) we see thatis _presFent n
exchanged in a preliminary phase of the communication, &€ n- '09 term both explicitly and implicitly viaPF, ]
the beginning of each new coherence time of the channel.and [EF]M A closed-form analysis of its impact of {17)

2) Presence of Residual Self-interferenderom [I3) we and [21) is not straightforward. However, we can address thi
have thata., = Mo in this case, ther[{12) can be rewritterproblem as follows. We first defing' as the value at which the

as Fn rate of the incoming signaling is maximum, i.e., the optimal
s1c o p A splitting ratio. Subsequently, we note that the power ohtbée
Yiv [t = VpoayHS T Ciuip[t] +z;6[t],  (18) received signaling and interference signals increases it

the same pace, by construction, wherégsis independent
of the latter parameter. Thus, we can intuitively infer that

_ o PNo FF, both the SINR and achievable rate over the link between
zjnlt] = wiplt] + \V P (AF ™ ujot] + T Cjhuy pt]) the two SNs are monotonically increasing functiongdthe

+ Vpan, (HY AF'u; o[t] + HAAF ' [t — 1) (19) latter being a logarithmic function of t_he splitt?ng ratid)_)r _
0 < p < p*. Consequently, the optimal splitting ratio is

where

is the equivalent noise. Following the same procedurdeterministically given byp* = P]gh or p* = min{lv%}
as for the previous case we write cov(z;,)HYIT = if residual Sl is absent or present, respectively. We noae th

UZ.FEZ.F(QF)H, where UF, ©F, and QF are defined analo- these deductions will be verified in SECIVI. At this stage,
gously. Computing coézj_’b) is rather complex in this case.we can safely assume a priori that the curve representing the
Differently from before, herein the adoption of an adequagehievable rate as a function of the SINR may be approximated
information exchange protocol between the SNs would nby g(p, k) = log, (1 + cxp®*), wherec, and ¢, depend on
be sufficient for the latter to compute this quantity. In facboth the concavity of the curve and on the absence (e.g.,
no prior information aboutC} is available at theith SN. & = 1) or presence (i.ek = 2) of residual SI. In practice,
Furthermore, the power allocation far;,[¢] at the jth SN ¢x and ¢, can be identified by the SNs following a simple
impacts both the power profile of the Sl affecting tita SN one-shot procedure. After the first CSI has been acquired
itself and the spectral efficiency of the link towards thle by the SNs, an estimation of the instantaneous achievable
SN. In practice, these two phenomena are strongly couplediate is computed usind_(1L7) of_{21), for two values of

To cope with this issue, iterative WF algorithms should berbitrarily chosen. For mstance reasonable choices Her t
performed at both SNs to maximize the spectral efficiendjterval 0 < p < % , the absence of residual SI, are
of the link between them. However, the coherence time pf= PIS‘“ andp = 3% Slmllarly, reasonable choices within
the channels towards the ANs (upon which the CIA precodée interval £ < p < mm{l Lol could bep = Puite,
is based) imposes strict time requirements to the SNs. Thugth ¢ — 0, andp = min {1 Mt} The following proposmon

iterative approaches are not feasible, especially in tiserade holds.

of a wired connection between the SNs, and aIternatwe&trall_;,rOposmon 1. The achievable rate over the link between the

gies need to be devised. Interestingly, these two issudlsl ¢
be addressed by resorting to two simplifications. First, Wth and thejth SN in the forward phase can be approximated

conjecture thatC¥ is a unitary matrix, as per the derivation

performed for the previous case. Additionally, we assume a log, (14 c1p?), whenp < £,
uniform power allocation for the. symbols ofu; p[t], such R\ (p) ~ < log, (1 + c2p%2), (22)
that PY, = Dy, - An approximation of the noise- when B
. 17 .- . . P ’
whitening matrix in this case can then be obtained as
. where
coV(z;,) = Nolnir + par, HY AR~ 'P} FAY (HY ) o P
N, _ (2Ri,b(%h) _ 1) (_) ,
+ pa, HAAF'PF FAM (H2)" 4 Z0 AR 1PF pA" “ Pan
th RF (Pch)
pNo (N + L) Py L rop\ H = ER
+—p L) (20) 1 = log, 1)
P F \H 1 Pyt P 02
Now, we let CI' = QF and (UY) covz(z;},) be the co (2R o )_1) ( )
decoding matrix for the signaling and, similarly to the poas P+ e



¢2 =log__ry e

min{ P, Pgat }

Py €
ORI (F) be computed as
2% '

Py (min{1, 5550}y 1-—
s BF () = 2 cte(, () HY + (12) B2
Proof: The result in[(2R), can be obtained by enforcing a T P
perfect match between the aforementioned rate estimatidn a * (AF 'Pj FAT + T CjPj, (C]) (T]) )
g(p, k). Thus, in the case of the absence of residual Sl in the mAYHyzmA mvy H
RX chain, i.e.,p < £, we have + (am(Hi ) H + (Vaclyr + Vo ™)
X (\/aCIN+L + \/amH;”v) )

RE, (B8) =log, (14 e (£8)).
' (5) = log, P « (AFT'PLEAY + TTCPPL, (CF) ' (rD)") ). (23)

[

Rf, (58) =logs (1+c1 (g8)"

_ with 3 as the RF-to-DC energy conversion efficientyl[30].

Then, the two parameters and ¢; can be straightforwardly At this stage, it is worth introducing a useful approximatio

obtained as of 23), and increasing its qualitative descriptivenessus]
R p\S we neglect the received signaling and multi-path SI signal
= (QRf,b(%‘“) _ 1) (_) , terms from [2B), given their different order of magnitude as
Pn compared of the intensity of the SI[6], and approximate
ORI (FR) the recycled energy per symbol at tith SN asE} (p) ~
¢1 = 1Og2 m . ﬁac (1 _ p) P.

The two parameters, and ¢, can be computed analogously, V. THE BACKWARD PHASE
in the case of the presence of residual Sl in the RX chain, i.e. We switch now our focus to the backward phase.
when Zt < p < min {1, Bar }. m

Proposition[]L serves a two-fold purpose. On one hand,At Signal Model
provides an approximation of the achievable rate over tile i~ Similar to the forward phase, the ANs communicate with the
between the two SNs in the forward phase. On the oth8Ns by means of an OFDMA transmission. The information
hand, it allows to identify the values gf for which the transmitted by théth AN in the tth OFDM block is given by
proposed FD architecture can outperform the state-ofthe-
solutions in terms of throughput. In this sense, we recat th [Vi,o[t]] _ {[Vz’,o[tﬂn eC, ne %,
the performance of the state of the art can be easily obt@iped "0, otherwise,
settingp = 1, i.e., virtually deactivating the 3-port composityiin covariance matrixsP® ¢ CN*N. The ith transmitted
element described in S€cl 1l. Now, consider the relevarg Ca§gnal in the backward Zbohase readis [t] = AF v, ,|[t]
Py, < P < Py, 1.e., the FD device implemented accordin%vith Tr ’ '
to state-of-the-art solutions suffers from residual S| hot

(24)

(Efsi.o[t](si.0[t])""]) = (N + L)Pa, where P is the

TX power budget at the AN. We recall that the ANs are not

¥he only devices active in this phase of communication. In

fact, the FD SNs are equally active and exchange signaling

Corollary 1. If P, < P < P, in the forward whilereceiving the backward signals from the ANs. We denote

phase, then the proposed FD architecture delivers a high#ire signaling transmitted by thih SN in thetth block as

throughput than the state-of-the-art FD solutions, forc s;,[t] € CV L, with Tr(E[s; 1 [t] (siyb[t])H]) = (N +L)P.

[¢ [oRE L Pth} At this stage, we recall that the SNs do not transmit
T a P | information to the ANs during the backward phase. Thus after

the operations performed by the 3-port composite elemieat, t

. Py i H . . . .
Proof: When - < p <1, the approximated achievablegyerall received signal at thiéh SN, including both the SI and
rate is a monotonically increasing function. The maximute rai,e signals from the other devices, is

is then achieved fop = 1, i.e., the state-of-the-art solution is N
always better in this region. Alternatively, when< 2, we  vilt] = \/ﬁ(\/aiiHZSi,O[t] + Vi Hy;si o[t — 1]

let log, (1 + c1p?') > R\ (1), as per Propositiof] 1, and the e N —
result of CorollanJL can be directly obtained. [ ] +VaH s olt] + VA Hjsjolt — 1] + Vaesili]
+ \/OébHSij’b[t] + \/abHSAsj,b[t — 1]

E. Recycled Energy +Va s ff] + Vam ] Csift — 1]) + wilt]. (25)

A seen in SedOl, the 3-port composite element presemﬁybsequently, after pancelling the SI, the informatiomaig
the proposed FD architecture includes an EH that can recyt9eb® decoded by thith SN reads
a portion of the leaked RF energy in the form of DC energy. ,sicp _ /o HYs: [t + vaiHSs; Jt — 1
Using the digital representation of the signals for the satke yi ol \/ﬁ( B Z’O[i aHisiolt =1}
compactness of the notation, I (p) be the recycled energy  + /@i HYs;o[t] + /i His; o[t — 1]+ /@egsib[t]

per symbol by the 3-port element at tite SN, in the forward 1TV 10 4 ‘
phase. By some straightforward derivations, this quartiy +VarHs;plt] + VorHs;blt 1]) +wilt], (26)

directly descends from Propositiéh 1.



wherew; € CN (0, NoIn+z) is an AWGN. Now, first the Subsequently, we define a modifi¢d#;| x N)-sized sub-
backward signal is decoded by tita SN by means of legacy carrier selection matrid; = [eOiB(l) . ~e0iB(|K/ViD]H, where
OFDM demodulation. Similar to the previous case, a blocle-o?(j) is the oP(j)th standard unit vector. Finally, we can
wise decoding of the backward signal is performed at each Stdwrite [30) as

A successive interference cancellation is then performed b B -~ - H.

subtracting the decoded backward signal frbnd (26) and finall  ¥iolt] = vPouDidiag(hy ) (D) ¥io[t] + zi[t],  (31)
the decoding of the signaling takes place. In this regard, Where we let, o [{]

2 = D,v, . [t], for the sake of consistency of
note that a perfect cancellation is assumed. ’

the notation, and defing [¢{] = D,FB (wi[t] + 1/ EXog, 1t

Py
as the equivalent noise. Now we can proceed as done for the

B. Performance Ofl the Transmission in the Backward P_haSPOrward phase and first write the noise-whitening matrix as
As for (I2), residual SI can be absent or present in the pNo(N + L)P

RX chain, depe_nding on the value pf Thus, as before, the cov(z;) = Nol| 4 + EES AN

following analysis encompasses the two cases, for the dake o g1/ 4th

completeness. x D,FBTE(T?)"BYF 1 (D,)", (32)
1) Absence of Residual Self-interferendene only poten- . - - n

tial source of interference during the OFDM demodulation @nd~ ttlen compute  cow (z;) D;diag(h;; ) (D) =

given bys; ,,[t]. In this context, théth SN designs its signaling U; A (Ul)H where U; e CIMIxI%0 s a unitary

in order not to induce a rate loss on the link between theatrix and A; = [diag\i,,....\.s.)], Where \;,

ith SN/AN pair in the backward phase. We know from thgy the jth eigenvalue of cov? (zi)ﬁidiag(flii) (]jl)H

discussion in Se¢. 1V, that ¥; ,,[t] satisfies Analogously, we can decompose the link between
D,FBHYs, ,[] = 0, i # j. 27) the ith SN/AN pair into |.#4;] parallel Gaussian

o . channels by lettingP? = (f)i)HfJif’Eo(fIi)Hﬁi, and
then its impact on the SINR of the backward signal at the. ) +
jth SN is zeroed, and the decoding of the latter can proceE%i,o]nn = ("471' - m) s Vo€ {1 [ Al
according to the conventional OFDMA scheme. Now, bwith x4; chosen such that TPP)) = NP,. Thus, the
plugging a.q = 0 into (26), we can write the demodulatedachievable rate over this link is

signal in this case as WA
~ B _ DB 12
y2 1] = ypaD,diag(hi)violf] + DFBwi[f].  (28) [P = §i n; togs (1 + poa [PLa],,, [Adlunl?)
The achievable rate over the link between itfeSN/AN pair (33)
in this case is then Intuitively, the values ofp* for the backward phase are the
o [PB hil |2 same as for the forward phase. Moreover, as before, asgessin
B 1 P “[ z,o]nnH ”]nl .
Ri, (p) = NI Z logy | 1+ No »  the impact thatp may have on[(29) and_(B3), when a WF
neN;

strategy is adopted, is not straightforward. Thus, we can

(29) proceed as done for Propositioh 1 and state the following.

where [PEO] o = (,‘;3_’1. — #)’L’ Vn € 4 is the Proposition 2. The achievable rate over the link between the

(Biln |2 . - :
WF solution, with x5, chosen such that TPEO) — NP, ith SN/AN pair in the backward phase can be approximated

Furthermore, it is straightforward to see thét= % in this &>
case. log, (1 + 63p¢3) , whenp < %,

2) Presence of Residual Self-interferencerovided that — RP | (p) ~ { log, (1 + cap?), (34)
(]th) is satisfied, and plugging., = % into (28), we can when £s < p < min {1, Bt} |
write

5 o where
yi,o[t] = \/pOéiiDidlag(hii)Vi_’O[t] . p b3
— (9Ri(F)
7 ey = (2Fie(H —1)(—) :
+ DlFB <W1[t] + %Si_’b[t]> . (30) ( Pth
th

oRP () _ 1
The equivalent noise il (B0) is colored due to the presence of ¢3 = logy 2350(%) 1)’
residual SI. However, a noise-whitening cannot be performe

straightforwardly in this case. In fact, eac-sized vector o4 = (QREO(%) _ 1) ( r )¢4

¥i,[t] includes|. ;| zero elements by construction. This issue Pin + €

can be addressed without loss of generality and correctness QRPL () _ 4

by removing the zero elements frog¥ [t], to obtain a|.4;|- ¢4 =log__py e ( RP_(min{1, Pt ) ) .
sized vector offering higher analytical tractability. Ehuve e \ 2% o=l

first let of = [0P(1),...,02(].4;])] be an ordered vector Proof: The result can be obtained as done for Proposi-

K2

of indexes, such that®(k) € .4, V naturalk € [1,].4]]. tion[. [ |
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We now focus as before on the relevant cd3g < P < the achievable rate over the link between itte and thejth
Psat, i.e., the FD device implemented according to state-of-th8Ns in the backward phase is
art solutions suffers from residual Sl but no saturationuosc

in its RX chain. In this case, the following result directly RP, (p) = !
descends from Propositidh 2. ’ N+ L
N+L—|A5|
Corollary 2. When P, < P < P, the interval ofp x Z log, (1+pab P2y],.., [Z?fm), (38)
for which the achievable rate over the link between ttie n=1
SN/AN pair is higher if the proposed approach is adopted 5 512 \—1y+
over the state-of-the-art solutions can be approximated ¥4th PP],, = (ki — (/_’O‘b [z Lm) ), ¥n €
oy [a®Pa L p {1,--- ,N+L— |4} WF solut|0n.n5_71- is chosen.such tha_t
[ ’T,%‘“]- Tr(P?,) = (N + L) P. As before, since no residual Sl is

i i * _ Py
Eresent in this case,” = -

Proof: The result can be obtained as done for Corollary 2) Presence of Residual Self-interferencdéfe first plug

u aeq = 5= into (3B) and rewrite it as
C. Performance of the Signaling Between SNs o
We start by noting that [[27) implies that 5[t = Voo HY TP CPvi b [t] + 2;]t], (39)
dim(null(D,FBHY)) = N + L — |.#|. Hence, the where

ith SN can transmit up taN + L — |.4;| independent
information streams for signaling in the backward phase. ;.| — w,[t] + \/p( /a;;HS AF v, o[t — 1]
We let v;p[t] € CNTLI%61 with covariance matrixP?,, ! ! \/_( s ’

. . . J N,
be the'|nforme_1t|on.symbol vector tfansmltted by thid +\/a_jiHZAF_1Vi,o[t]+ —OI?C?VJ-,b[t])
to the jth SN in this phase. Then, if we adopt the same Py
representation as if](8), we can express tthe signaling
ass;p, = I'PCPv;y, with TP ¢ CWNHLX(N+L=[A45]) gn
arbitrary semi-unitary matrix such thd;FBHYT? = 0.
Now, assume a block-wise decoding of the signaling at the Po(N+L—|A4]) 7\
jth SN, as done as for the forward phase. Thus, the received (1Y A —1pB H/yrv\H
signal at thejth SN after the SIC, i.e.y$'°[t], can be +pa”(H-7iAF P FA (HJ;)
obtained from[(26) as + H2AF'PB FAH (HQ)H)

J 1,0 g

y$lt) = va(Var Y siulf] + vl

is the equivalent noise. Subsequently, we let

Nop(N+L)P
COV(Zj) = NoInir + Op( ) | (FB)H

be its covariance matrix, witm’}%b = %IN“_M‘.
+ aHYsio[t] + /ajiHinsi,o[t — 1]) +w;,[t]. (35) Now, following the same procedures as in -C2, we write
: 1

H .
: - ov 2 (z;) HYTP? = UBEB(QPF)", with UP, P, and QP
Following the same approach adopted S0 fa_r , we divide tﬁgfined analogously to the previous case. Finally, as bef@e
rest of the analysis into two parts: first, we will focus on thgefineCB — OF and let (UB)HCOV“%(Z ) be the decoding
i i J

& . . . .
casep < 7, in which no residual Si affects the OIeCOOIIng}natrix for theith signaling at theith SN. Thus, when residual
Sl is present in the RX chain, the achievable rate over the lin

of the signaling; then, we will study the casa: < p <
4 Pat 1 i 1 i
i {1’ P } in which residual SI remains after the SIC. between theth and thejth SN in the backward phase is

1) Absence of Residual Self-interferenderom [I3) we

have thata., = 0 in this case, then(35) can be rewritten RE, (p) = 1
as WS N
N+L—|.4] 512
¥ = RRHTTICvisld 42l @0) Ty <1+ pa (N+L)P[Ei],m>' (40)
with z;[t] = wjlt] + /pog; (HAF vl + n=1 N+L-|A4]
H, AF'v; [t — 1]) as equivalent noise. Now, let As previously inferred, the values of* for the backward

U A 1oB ma H o\ H phase are the same as for the forward phase Additionally,
cov(z;) = NoIytr + pay; HGAF Py FAY (HY) assessing the impact thatmay have on[(38) and (#0), when
+ pajiHinAF_lP?oFAH (HJAZ)H (37) a WF strategy is adopted, is not straightforward. Hence, we

) . o ) can proceed as done for Propositi@hs 1 lahd 2 and obtain.
be the corresponding noise-whitening matrix. Subsequentl

we resort to the same approach adopted for tfi¥oposition 3. The achievable rate for the transmission be-
forwmard phase and write cov(z;)HYTE = tween theith and thejth SN in the backward phase can be
UBEB(QB H, with UB c CIN+L)X(N+L)  gnd approximated as

B (NA4L—=|A5[) X (N+L—|A]) i i
Qf e ct i 71 unitary matrices, and log, (1+ csp?) , whenp < Za
»B = [diago} ol ) 0 T 2 g ’ P

i Lz 9 ONGL—| A2 (NJ’»L:"/‘{]")X"/K]" RB (p) =~ | log (1 + po“b“’) (42)
where ¢, is the ith singular value of covz(z;)HYTP. ib 2 ' .

L : ; : 5% ~hai when £ < p < min {1, &

Accordingly, when no residual Sl is present in the RX chain, P = ’

B
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where and experience a distance dependent path loss modeled ac-

" P\ cording to [39]. Furthermore, for the sake of consistencthwi
c5 = (231 w() 1) <—) , the state of the art, we let. = —10 dB, a,, = —35 dB,
P B = 0.7, Py = 28 dBm, and Py, = 20 dBm [5], [6], [28].
9RZL () _q As previously discussed, we are particularly interestechir-
- RE ’ acterizing the behavior of the radio in critical condits
%5 10g221b2p)_1 he behavior of the FD rad | conditin
b6 i.e., when the state-of-the-art solutions fail to cancéltiad
‘s (231 LBty 1) ( P ) Sl in the RX chain. Thus, we let the TX power of the FD
Py + e radio be P € [P, Psat], With P, = P, = 7 Concerning
2R7b(P““+€) 1 the OFDMA transmission, we seV = 64 and L = 16
P =1og__py,+e Poge according to[[4D]. We assume channels characterized by the
min{ P, Psat } 2R p (min{1, b 7’LT
exponentially decreasing PDP, such thAt= exp >
Proof: The result can be obtained as done for Proposi- Th
tion . with 75, the root mean square delay spread of the channel and

T the sampling period at each device. In particular, we r&stri
ur study to channels with= L taps and the slowly decaying
DP, i.e., TS € [2, 3], for matters of space economy.

Finally, We define the two metrics that may offer a straight-
Corollary 3. When P, < P < Py, the interval of forward way to identify the range of values pffor which
p for which the achievable rate of the link between ththe proposed FD architecture outperforms the state-of-the

two SNs is higher, if the proposed approach is adoptegt solution [5]. In particular, we let)yz = R%}'(”) and

. . R (1)’
over the state-of-the-art solutions, can be approximated a . . L
} hp ng = %—Ef) with E;, energy per transmitted symbol by

[ %:)1, % . the FD device. These metrics can be directly interpreted as
follows. If the proposed FD architecture achieves a larger

Proof: The result can be obtained as done for Corolldry &pectral efficiency than the state of the art, thep > 1.

B Similarly, if a portion of the energy of the transmitted sajis

D. Recycled Energy actually recycled by the proposed architecture, then> 0.

Using the digital representation of the signals for the sale Forward Phase

of compactness of the notation, and by some straightforwardwe first focus on the forward phase. We recall that no
calculations, we can express the recycled energy per symfighsmission is performed by the ANs in this phase. For the

Now, applying Propositiofi]3 and following the same ap
proach adopted for Corollafyl 1, we can state the followi
result.

at theith SN as first study, we consider only two values fd? within the

B B(1—p) aforementioned range, i.&2 = 24 dBm and P = 28 dBm,

E7 (p) = N+L for ease of representation. Subsequently, weplet [0, 1]
B v Horv AVHIZA 1eB o and computeng, both analytically, e.g., by means of the
{O‘”Tr (( H) Hy; + (H“) H“) AF P FA ) derived approximations, and numerically, in Hig. 3. We tstar

(
+ o Tr () "HY + (H7)"HS ) AF /PR, FAT)

+ abTr( ( (HA) HSA) I‘?C?PEb 3 {02 02) #
(r! . ,

State-of-the-art |

x (CB)M(T®) )+Tr((am(H§”A)HH§”A
+ (VA +VamHr) " (o + yapHY) )
< TPCPPE, (1) (D)) “2)

At this stage, we know from SeE_ TWE that a safe appro:

ir_natiop of EB (p) can be fom_md by neglecting the receivel ol ﬁiume(a{ i - o
signaling and multi-path Sl signals terms framl(42). Thus, w i ~A-Numerical, s, = 20 m, 28 dBm
can approximate the recycled energy per symbol aitth&N ' e
asEP (p) ~ Bac (1 —p) P.

15 m, 24 dBm

0.1% -7~ Approximated 20 m, 28 dBm
& | | | | —>- Approximated, ds; = 20 m, 24 dBm
VI. NUMERICAL RESULTS 0o 01 02 03 04 05 06 07 08 09 1

P

In this section, the performance of the proposed FD arc'llzl_ re 3. [Forward] Numerical and approximatgg for the signaling a
tecture is studied in the considered four-node settingahtig Vagnes PP 9 gnaiing ap
ular, we consider a realistic indoor scenario in which weHet
distance between the SNs and the ANs/he= 10 m, and the by observing that a range of values pffor which np > 1
distance between SNs hk, € {15,20} m. The transmitted can be found in each of the tested configurations. In this
signals are modulated at carrier frequenfgy= 1800 MHz, regard, we note that the couples of numbers (in the fornr})
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the higher the performance gain the proposed FD architectur
can deliver. This interesting result could have been exukct
\aadd In fact, the impact of an effective SIC on the achievable rate
10.044 of the incoming signal is larger when the latter experiences
a severe path loss during its propagation (i.e., the power of
the received signal by the FD radio is lower). We now switch
|o.038 our focus ton;,. In Fig.[4, its value ranges between7%
Jooss=  and 4.7% for the considered values adP. In other words,

up to around50% of the leaked energy can be recycled as
compared to the state of the art, while guaranteeing better
10029 performance in terms of throughput. Quantitatively, is not

1.4 T T T T T T T T T 0.05

-10.041
1.281
“£1.25¢
1.22r

-10.032

1.19r

116 %o.026 influenced by a change af., since it uniquely depends on
113 <-Signaling, du = 20m] ) 15 the energy of the signal leakage at the circulator. Addétityn
e we note that the aforementioned values should actually be
L 235 24 245 25 255 26 265 27 215 9% seen as lower bounds fayz, since they are obtained when
P dBm] p* is adopted. In fact, if any other value @f within the
Figure 4. [Forwardly}, andn?%, as the transmit poweP varies. range[{-, -}, p*] was adopted, then the resulting would be

larger (in turn reducingg). This further confirms the potential
of the proposed architecture, whose benefits in the forward
. . . ] ~ phase can be summarized as: 1) higher achievable rate for the
depicted in the figure denote the numerical and approximaigghsmission towards the AN (thanks to the higher TX power),

lower bounds of the aforementioned range of values, ., 2y higher achievable rate for the incoming signaling, and 3)
nr > 1, Vp € [{-,-},p*]. At a first glance, we observe thatjg,er power consumption.
our approximations do not provide the same accuracy for each

value ofp. However, they perfectly match the numerical values® Backward Phase

for p € [{-,-}, p*], which is the most relevant region in terms Differently from the forward phase, both SNs and ANs
of system design insights. This is a remarkable result sincdransmit during the backward phase. In this regard, we note
allows the system designer to design methods to set suitatflat no OFDMA signal is transmitted by the SNs in this phase.
values Ofp On-the-ﬂy, depending on the performance targe{hus, we will lower the values aP considered in the preViOUS
without the need for long offline simulations. Quantitaljye Section by3 dB, to make sure that the same TX power is
the TX power of the FD can be significantly increased d8vested for the signaling in both phases, and obtain a fair
compared to the state of the art. In fact, a performanceasere cOmparison. As before, we start our study by focusing on
up to 35% and 21% is achieved forP = 24 dBm and the achievable rate for the signaling between the two SNs
P = 28 dBm, respectively. In practice, the largét, the and computenr as p varies in Fig.[b. Qualitatively, both
smallerp, i.e., the lower the power of the IC of the receivec

signal and the resulting equivalent SNR. In this sense, t 14 \ \ \ \ \ \ \ \
benefits brought by the proposed architecture are evideen, e L3f 03,03
though they decrease as the TX power increases. An in-de 12 {034,034

. = - I 03,03} A et Istate-of-the-a
analysis of the theoretical limits of the performance gaithie 11 =

matter of our future research. Finally, we note that the ichpe
of P onng is larger than the impact afg. Intuitively, this

can be explained as follows. According to the adopted pe
loss model([3B], the received signal at the SN experience:
reduction of 6 dB per octave. Conversely, the Sl suffered b

| . . . N ical, dys = 15 m, 25 dB:
the device increases at a much higher pace if the TX pow oal e 0 e 5o
is augmented, in turn reducingz. Given the extent of the 2 vumerical, d, = 15 m, 21 dBm

. ) 0.3 ~- Numerical, dys = 20 m, 21 dBm
impact of P on the performance of the FD radio, we nowv o2l —+- Approximated, dy, = 15 m, 25 dBm
considerP € [23, 28] dBm and compute the optimaj i.e., p*, o T Rt
for each of the considered values. Subsequently, we comp ‘ ‘ | . |-»- Approximated, dy, =20 m, 21 dBm

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
P

bothnr andng whenp* is adopted, and depict them in Fig. 4
asny andny for consistency with the notation. We start by _ . o
noting thatn} > 1 for each of considered configurations.F"\‘J’/ngé3 55 [Backward] Numerical and approximateg for the signaling as
Moreover, as previously inferred, we see thgt increases

as P’ decreases. In particular, we observe that a TX poWgfe values ofyy; for the signaling and the accuracy of our
increase of5 dB induces a reduction of5% and 18% for 45 oximations in the backward phase are extremely similar
dss = 15 m anddy; = 20 m, respectively. Similarly to what has, \what we observed for the forward phase. Accordingly, the
been observed in Fi@l 3 foyz, 7}, also increases with. In impact of P on 7 is larger than the impact af.., and the

practice, the lower the power of the received signal at the,SI‘}Iargerp, the lower the resulting. However, we note that the
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performance gain brought by the proposed architecture o 14 ; ; ; ; ; ; ‘ ‘ ‘ 0.04

the state of the art in this case is quantitatively lower.sTh | . = _A

result can be understood by comparingl (15) (37). Therc ¥ M v AT e

we see that side knowledge about the covariance matrix 1al ‘Z;--,--é--- ¥ Y008

the interference generated to the signaling by the OFD e

transmission can be safely considered available during t 1.25¢ A/’ 10025

forward phase. The same is not true for the backward pha . B e

where such information is hardly available, unless nopdin = *?/ 2 e

and/or complex iterative decoding procedures are adoptec 115 & . T Jo.01s

the SNs. Thus, the achievable rate for the signaling is leder L7

by the presence of the interference caused by the OFL L1t & 001

signals transmitted by the ANs. We will further discuss thi A//

aspect in the last study of the section. e 1000
As a matter of fact, the signals transmitted by the AN ’

. . . 20 26.5 él 2‘1‘5 ‘22 ‘22.5 ‘23 ‘23.5 ‘24 ‘24.5 O25
are not only a source of interference for the signaling, b P [dBm]

convey information for the SNs as well. Hence, in the nex. ) )
study we will focus on their achievable rates and compyte F9ure 7 [Backwardly, andry, as the transmit power” varies.
w.r.t. these transmissions, asvaries, and depict it in Fid.] 6.

Interestingly, the qualitative behavior gf for the backward

forward phasejy decreases a® increases. This is due to

14 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ the fact thatp* decreases aB increases, in turn reducing the

a effective SNR of the IC of the received signal, and thus the
achievable rate for the signaling. Additionally, as noted f
Fig.[8, n;, ~ 1 for P = 25 dBm, due to the aforementioned
impact of the interference generated by the OFDM signals
transmitted by the ANs. We note that this issue is more etiden
as the distance between the SNs increases, as intuitively it
should be. Switching our focus to the backward signals, we
note a very consistent behavior gf, as P increases, as
expected. The decreasing trendigf is still present, but with
a much lower pace. In a way, this confirms the potential of
the proposed architecture in terms of the performance gain

1.2 {0.16,0.16} B
State-of-the-art

{0.32,0.32}

0.2 —9-Numerical, 21 dBm . . . o
—&-Numerical, 25 dBm w.r.t. the state of the art and highlights its merit in terms
0.1 —+- Approximated, 21 dBm N
. ‘ ‘ ‘ ‘ | |- Approximated, 25 dBm of overall throughput enhancement for the considered Byste
© 01 02 03 04 05 06 07 08 09 1 regardless of the considered phase of the transmissioallyin

P . - .
concerning the amount of energy recycled in this phase, we

Figure 6.  [Backward] Numerical and approximateg for the backward note that values up tq}, = 3.7% are obtained in this phase.
signals asp varies. In practice, this implies that almogb% of the leaked energy
can be recycled as compared to the state of the art, while
signals is very similar to the behavior for the signaling igyaranteeing better performance in terms of throughput. Th
both forward and backward phases. Remarkably, the accuragyne observations made for Figy. 4 in the study of the forward

of our approximations is higher in this case, substanititase hold for the backward phase as well, hence they will not
even more their importance in terms of system design insighfe repeated.

Quantitatively, the obtained results are significantlytdrethan

the performance increase achieved for the signaling in the
backward phase. This could have been expected since no
interference is affecting the OFDMA decoding at the SNs, In this work, we have introduced a novel energy-recycling
provided that the signaling satisfy the constraintdid (ARe FD radio architecture that can provide spectral efficieny a
absence of interference also implies that the impact of a Tetergy consumption improvements over the state of the art.
power change ong is less evident in this case than in any oThe performance gain is achieved thanks to the introduction
the previous tests. In particular, we note that the perfoicea of a 3-port element between the circulator and the RX chain
gain over the state of the art is rather remarkable, i.ewét including a power divider and an RF energy harvester. The
31% and 37% for both considered values d?. Now, as for impact of this element is two-fold. First, it allows for arbar

the forward phase we conclude the analysis of the backwadrdry attenuation of the incoming signal, in turn incregsiine
phase by lettingP € [20,25] dBm and compute* for each effectiveness of the state-of-the-art SIC strategiesesylently

of the considered values and transmissions (i.e., sigmalid adopted in the RX chain. Second, it recycles a non-negégibl
backward signals). Analogouslyy, andnj, are computed and portion of the energy leaked through the non-ideal circulat
depicted in Fig[l7. We first focus on the signaling. As for thé/e have characterized the performance of this architecture

VII. CONCLUSIONS
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in a hybrid FD/HD four-node network, framed according t@7] D. Bharadia, K. Joshi, and S. Katti, “Robust full duplexdio link,"

practically relevant considerations, in which 2 nodes afeer
in FD and 2 nodes in HD. More specifically, we provid
analytical approximations of: 1) the achievable rates far t
transmissions performed by the FD and HD radios as tl
direction of the communication with the HD radios change

e.g., the forward and backward phases, and 2) the amount of
energy recycled by the FD radio in these phases. The accurl&)

of these derivations has been substantiated by our nurher

ekl

i

(63

findings, by which the gains that the proposed architectare ¢

yield over its state-of-the-art alternatives have beersithted.

The next steps of our research are the design of a varigr%ﬂ
of the proposed FD architecture in the presence of multiple

antennas, and an in-depth analysis of the theoreticaldiofit
the performance gain brought by its adoption.
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