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Abstract—Recent advancements in self-interference (Sl) can-
cellation capability of low-power wireless devices motivee in-
band full-duplex (FD) wireless backhauling in small cell néworks
(SCNs). In-band FD wireless backhauling allows the use of
same frequency spectrum for the backhaul as well as access
links of the small cells concurrently. In this paper, using bols
from stochastic geometry, we develop a framework to model &
downlink rate coverage probability of a user in a given SCN
with massive MIMO-enabled wireless backhauls. The consided
SCN is composed of a mixture of small cells that are configured
in either in-band or out-of-band backhaul modes with a certan
probability. The performance of the user in the considered fer-
archical network is limited by several sources of interferece such
as the backhaul interference, small cell base station (SB$)-SBS
interference and the Sl. Moreover, due to the channel hardeing
effect in massive MIMO, the backhaul links experience longeérm
channel effects only, whereas the access links experiencetip
the long term and short term channel effects. Consequentiythe
developed framework is flexible to characterize different surces
of interference while capturing the heterogeneity of the acess
and backhaul channels. In specific scenarios, the framework
enables deriving closed-form coverage probability expresons.
Under perfect backhaul coverage, the simplified expressiaare
utilized to optimize the proportion of in-band and out-of-band
small cells in the SCN in closed-form. Finally, few remedial
solutions are proposed that can potentially mitigate the bekhaul
interference and in turn improve the performance of in-band FD
wireless backhauling. Numerical results investigate thecgnarios
in which in-band wireless backhauling is useful and demonsate
that maintaining a correct proportion of in-band and out-of -band
FD small cells is crucial in wireless backhauled SCNs.

Index Terms—5G cellular, small cells, massive MIMO, full-
duplex, self-interference, self-backhauling, stochasti geometry,
backhaul interference.

|. INTRODUCTION

access network (RAN) spectrum simultaneously for both ac-
cess and backhaul links has emerged as a potential backhaul
solution [2], [3]. Backhauling based on RAN spectrum extsibi
less-sensitivity to channel propagation effects, provideer
coverage due to non-LOS propagation, makes the reuse of
existing hardware possible, and thus enable simpler dparat
and maintenance (O&M). Nonetheless, the RAN spectrum
availability is quite limited.

To enable efficient use in the RAN spectrum, full-duplex
(FD) transmission has been recently considered as a viable
solution for 5G networks. FD transmission implies simuétan
ous transmission and reception of information in the same fr
guency band. FD transmission can be realized at base station
(BSs) through two different antenna configurations, ileared
and separated antenna configurations [4]. The shared antenn
configuration uses a single antenna for simultaneous ia-ban
transmission and reception through a three-port circul&io
the other hand, the separated antenna configuration require
separate antennas for transmission and reception. The gain
of FD transmission are however limited by the overwhelming
nature of self-interference (SI), which is generated by the
transmitter to its own collocated receiver| [5]. Fortungtel
with the recently developed antenna and digital baseband
technologies, S| can be reduced close to the level of noise
floor in low-power devices |6]. As such, FD transmission in
the access and backhaul links of small cells enables reuse of
RAN spectrum, alleviates the need to procure spectrum for
backhauling, and facilitates hardware implementation.

A. Background Work
Several recent studies focus on developing backhaul in-

Massive deployment of small cells will be a key feature derference management scheniés [7], [8] and backhaul delay

the emerging 5G cellular networks [1]. Subsequently, ffiti
forwarding of the backhaul traffic of the small cells will

minimizing solutions[[9]. In[[7], an interference manageme
strategy is proposed for self-organized small cells. Thallsm

be a key challenge. By definition, the small cell backhagkll base stations (SBSs) operate like decode-and-forward
connections are used to (i) forward/receive the end-useal(s relays for the macrocell users and forward their uplink-traf

cell user) data to/from the core network and (ii) exchandie to the macrocell base station (MBS) over heterogeneous
mutual information among different small cells. Typicallybackhauls. The problem is formulated as a non-cooperative
the backhaul of small cells exploits either wired connettiv game and a reinforcement learning approach is used to find
(e.g., optical fiber and DSL connections) or wireless connegn equilibrium. In[[8], a duplex and spectrum sharing scheme
tivity (e.g., microwave or millimeter wave links). Howeverbased on co-channel reverse time-division duplex (TDD) and
the prohibitively high cost of wired connectivity, diredte dynamic soft frequency reuse (SFR), are proposed for back-
transmission requirement of the microwave links, and thar pohaul interference management. An optimization problem is
penetration of the mmwave links make them less attractif@mulated to allocate backhaul bandwidth and to optimize
backhaul solutions. To this end, leveraging the use of radiger association such that the network sum-rate is maximize

A tractable model is developed inl[9] to characterize the

backhaul delay experienced by a typical user in the downlink
considering both wired and wireless backhauls. It is shown
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that deploying dense small cell networks may not be effectito the complicated interference environments, e.g., Stjerp
without a comparable investment in the backhaul network. and cross-tier interferences at the backhaul and accdss lin
Along another line of research, the performance gains (s illustrated in Fig. 1). Due to the complicated interfere
FD SBSs are recently analyzed for concurrent uplink arahvironments in full-duplex backhaul transmission scesar
downlink transmissions in various research studies cenisig a theoretical framework is required to characterize therdis
a single antenna [10]=[14] and multi-antenhal [15]] [16h&a interference issues and to critically analyze the scesdrio
missions. In[[10], the feasibility conditions of FD operatiare which in-band backhauling may be beneficial over out-ofeban
investigated followed by developing an uplink/downlinkeas backhauling. In this context, the contributions of this @agare
scheduling scheme that maximizes the overall utility of alisted as follows:
users. In[[11], a resource management scheme is developeg Using tools from stochastic geometry, we model the
that assigns downlink and uplink transmissions jointly and  performance of a massive MIMO-enabled wireless back-
perform mode selection at each resource block while con- haul network that supports single-antenna small cells. A
sidering the gain of SI cancellation. Users’ transmit power hjerarchical network structure is considered in which the
levels are then determined such that the total utility sum massive MIMO-enabled wireless backhaul hubs (or con-
is maximized. Another optimization-based StUdy considers nector nodes (CNs)) are dep|0yed to pro\/ide simultaneous
maximizing the sum-rate performance by jointly optimizing  backhaul to multiple SBSs. Each SBS can be configured
subcarrier assignment and power allocation considering FD gjther in the in-band or out-of-band ED backhaul mode

transmissions [12]. with a certain probability. Note that the in-band FD
In [13], considering Rayleigh fading channels and ideal packhaul mode leads to three-node full-duplex (TNFD)

backhauls for SBSs, a downlink throughput analysis df a transmission which involves three nodes, i.e., the CN

tier network is conducted in which the SBSs operate in either transmits to an SBS and the SBS transmits to aduser

a downlink half-duplex (HD) or a bi-directional BDmode. . The downlink rate coverage (which is a function of the

It is shown that all BSs should operate in either HD or FD  rate coverage in the access and backhaul links) of a small
mode to maximize network throughput. Using Wyner model,  cell user is derived considering both the in-band and
[14] analyzes the network rate under single-cell procgssin  out-of-band FD backhaul modes of a given SBS. Due
and cloud-RAN operation considering either HD or FD BSs. o the channel hardening effect in massive MIMO, the
Insights are extracted related to the regimes in which FD backhaul links experience long-term channel effects only,
BSs are advantageous. In_[15], the gains of using multiple- whereas the access links experience both the long term
antennas for HD multiple-input-multiple-output (MIMONk and short term channel effects. Thus, unlike traditional

are compared to the gain achieved by utilizing the antennas Rayleigh fading assumption, the framework captures the
for FD transmission. Conditions are analyzed in which using heterogeneity of the access and backhaul links.

additional antennas for FD transmission is beneficial acbtaf « Closed-form rate coverage expressions are then provided
high capacity HD MIMO link. For a single massive MIMO-  for specific scenarios. The simplified expressions, under
enabled MBS and small cells deployed on a fixed distance the assumption of perfect backhaul coverage, are then
from the MBS (ignoring the co-tier interference among SBSs)  utilized to customize the proportion of in-band and out-

a precoding method is designed(in][16]. The precoding method of-band FD SBSs in a small cell network in closed-form.

enables complete rejection of backhaul interference vedei , A distributed backhaul interference-aware mode selection
at a given user from the MBS to which the serving SBS of  mechanism is then discussed to gain insights into select-

that user is associated with. ing the proportion of in-band and out-of-band FD SBSs
as a function of network parameters.
B. Motivation and Contributions « Due to backhaul interference, downlink transmission to a

user by an SBS is directly affected by the transmission
in the backhaul link to this SBS. We therefore present
few remedial solutions that can potentially mitigate the

Although the feasibility of HD SBSs (referred as out-of-
band FD SBSs in this paper) has been investigated for wireles
backhauls, there has not been any comprehensive study on . ; .
the performance and feasibility of FD SBSs (referred as in- backhaul mterferenqe and quantnfy the enhancements in
band FD SBSs in this paper) in wireless backhauled small cell th? performance of in-band FD wireless backhauls.
networks. In particular, the use of full-duplex communicat Numerical results demonstrate the usefulness of in-band FD
in wireless backhauling and the performance gains have Nteless backhauls in scenarios with low SI, low transmit
been investigated. With this motivation, this paper pregid Power and intensity of CNs, and higher intensity of SBSs.
a framework to understand the performance and significariédS also shown that solely implementing the in-band or out-
of full-duplex communication in wireless backhaul netwark of-band FD backhaul solutions may not be useful. Instead, a
While the in-band FD operation can ideally double the sctSyStem with the correct proportion of in-band and out-afiba
efficiency in a link, the network-level gain of exploiting FDFD SBSs should be implemented.

transmission in the wireless backhauls remains unclear du .
§Interested readers are referred [5] for the details of DNfode

1Bi-directional FD mode allows both the transmitter and tkeeiver to of transmission. In the TNFD mode, a typical user suffersnirbackhaul

P . : interference (i.e., the interference received at a typicsgr from the CN
gg:gmlt signals to each other at the same time and in the $@meency which is associated to its designated in-band FD SBS).



C. Paper Organization and Notations B. Channel Model

The rest of the paper is structured as follows. Section Il Throughout the paper, the propagation channels related
discusses the system model and assumptions, the chammehetwork elements of the same type are assumed to be
model, and the massive MIMO-enabled wireless backhaatependentand identically distributed (i.i.d.). If a g@ein CN-
model. Section Il formulates the signal-to-interfereqtes- to-SBS link is considered, e.g., from the GNo the SBSk,
noise ratio (SINR) model, performance metrics, and disssisshe channel parameters are identified by using the subscript
some of the approximations considered throughout the paplef, sk }. A similar notation holds for the channel parameters
Section IV derives the rate coverage expressions for a givetated to other network elements. The wireless channels ar
SBS considering both in-band and out-of-band FD backhaubject to path-loss, shadowing, and fast-fading.
modes. Section V provides the simplified rate coverage ex-1) Path-Loss: Let rx, y, be the distance between two
pressions and customizes the proportion of in-band and ogeneric network element¥; andY},. Based on the downlink
of-band FD SBSs in the network. Backhaul interference manetwork model, we haveX; € {c;,s;} andY, € {si,ux}
agement techniques are discussed in Section VI. Section Wihere c,s, and u denote the generic CN, SBS, and user,
provides numerical and simulation results followed by thespectlvely The path-loss of this generic link is defined a
concluding remarks in Section VIII. rX v (for ease of exposition, we exclude the subscriptsof

Notation: Gamma(k.,.)) represents a Gamma distributior?Nd Y) where 5 > 2 denotes the path-loss exponent.

with shape parametdr, scale paramete&rand( ) displays the 2) Shadowing and Fadingin addition to the distance-
name of the random variable (RVI(a) = fo dependent path-loss, the generic link is subject to both the

represents the Gamma functiof, (a; b fb 1 —mdx shadowingSX,y and fast_ fadin_ng,y, unless state_d qthe_r-
denotes the upper incomplete Gammafunctlon lézlﬁd b) = wise. We model shadowing with the log-normal distribution
f #~le=dx denotes the lower incomplete Gamma funch whereux y andox y are the mean and standard deviation
tion [L7]. 2F1[-,-] denotes the Gauss Hypergeometric fun@f the shadowing channel power, respectively. Furthermore
tion andB(-, -, -) denotes the incomplete Beta functioft-) the fading component of the wireless channel is modeled by
and F(-) denote the probability density function (PDF) an&he Nakagamin distribution. Nakagamin is a generic fading

cumulative distribution function (CDF), respectively.nglly, dtiStr.ibulfion Wzicfh includi%SRayleig_T. distribution fon ':Il
E[-] denotes the expectation operator. (typically used for non- conditions) as a special case

and can well-approximate the Rician fading distributiom fo
1 < m < oo (typically used for strong LOS conditions) [19].
Remark 1 (Displacement Theorerm [20]T he displacement
A. Network Deployment Model theorem can be used to deal with the shadow fadifgy
We consider a downlink two-tier cellular network withas a random and independent transformation of a given ho-
small cells connected to the core network through connectoegeneous PPR of density A. In this case, the resulting
nodes (CNs). The CNs provide wireless backhaul connectighsint process is also a PPP with equivalent den).dEySX v
to the small cells. A CN is typically situated at a fibempplying this theorem to our case, we can handle the effect of

point-of-presence or where high-capacity line-of-sigh®§) any distribution for the shadow fading as long as the fractio
microwave link is available to the core network. An eX'St'ngnomentIE[SB

MBS can be an example of such a CN which is ConneCt%cnonal
to the core network by fiber-to-the-cell (FTTC) links. Th(?noment generating function (MGF) as follows:
locations of the CNs, SBSs, and users are modeled according

to independent homogeneous Poisson Point Processes (PPPs 2 2
P g (PPPs) E[S%y] = <2“X—Y +0.5 <2C’X—Y> ) L@

Il. SYSTEM MODEL AND ASSUMPTIONS

v is finite. For log-normal shadowing, the
moment can be given by using the definition of its

o/, ®/, and @/, with intensities)’, X, and )\, respectively. B 3

Specifically, for a given PPP, the number of points and their

locations are random and they follow Poisson and uniforfi such,®. and ®{ become®. and ®, with densities\. =
distributions, respectively. The abstraction model whigre )\ [E [S)fg y]and\, = X.E [S)fg v respectlvely Thus, a generic

nodes are distributed using PPP has been shown to be qugefm or interfering link gain given b’ﬁ’x YSX v Fx.y, where
effective for system-level performance evaluation of udell r follows a PPP®’, will be modeled as<”, Fy y wherer
networks (see [18] and references thefin) follows a PPP® throughout the paper. X’Y ’

For the downlink transmission, each user (and SBS) ass

ciates to the SBS (and CN) that offers the strongest aver
received power. Since the users follow a PPP, therefore, the
number of users in the system as well as the number of user
associated per SBS are random. Several users associated¥9% €

given SBS are assumed to be served at orthogonal frequency n-Band Full-Duplex (IBFD) mode: in which the access

€Backhaul Modes of Operation at SBSs
gach SBS can operate in two modes for backhaul transmis-

resource blocks. link and backhaul link transmissions are conducted in the
same frequency band (s&y) of bandwidthB. Thus, the
30ther modeling options may also be used, e.g., the locatibrise CNs total bandwidth usage of IBFD mode B.

might be correlated with the SBSs. This can be taken intowattcoy consid- . .
ering non-Poisson point processes. However, for analyititactability, such » Out-of-Band FuII-DupIex (OBFD) mode: in which the

a modeling option is not considered in this paper. access link and backhaul link transmissions are conducted
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Fig. 1: Graphical illustration of the considered massivevi@-enabled wireless backhaul network for both in-band ant o
of-band small cells. Co-tier and cross-tier interfereregserienced at the access and backhaul links are illudtfatan-band
and out-of-band small cells located in cell 1.

in different frequency band$, and Fj, respectively. assumedﬂ) The channel estimation is facilitated by considering
Note that, in OBFD mode, if we calculate capacity byime division duplexing (TDD) at CNs such that the channel
consideringF’ and F, each of bandwidthB, then the reciprocity is guaranteed. The maximum number of downlink
total bandwidth usage of OBFD mode becor@és This backhaul data streamS per CN depends on the dimension
is an unfair setting from the perspective of bandwidtbf the uplink pilot field, which in turn determines the number
usage and in turn capacity calculation. of channel vectors that can be estimated and for which the

In order to have a fair comparison, we need to assume that egléd/nlink precoder can be calculated.
mode (i.e., IBFD or OBFD) can consume a total bandwidth Each CN serves its SBSs by using linear zero-forcing beam-
of B Hz only, i.e., the IBFD mode would usB Hz for both forming (LZFBF) with equal power per backhaul data stream.
access and backhaul link transmissions. On the other hafg,such, in the massive MIMO regime, the effects of Gaussian
the OBFD mode would have to use5B Hz of F, for the noise and uncorrelated intra-cell interference disappkar
access link an6.5B Hz of I, for the backhaul link. Detailed this paper, massive MIMO is utilized at CNs to facilitate
throughput calculations are shown in Section III.A. simultaneous backhaul transmissions to several SBSs on the
For efficient antenna usage, in this paper, FD operation§8me frequency channel. In particular, with the aid of nvassi
achieved at the SBS using a shared antenna that separftB4O and LZFBF, the interference among multiple backhaul
the transmitting and receiving circuit chains through agaid streams of a CN is mitigated. However, due to this interfeeen
circulator. The transmission mode selection for smallscisll Mitigation, the massive MIMO with LZFBF could possibly be
modeled by independent Bernoulli RVs such that small celigore beneficial for IBFD SBSs as their both access/backhaul

are configured in IBFD and OBFD mode with probabilify links are vulnerable to the backhaul transmissions. This is

and1 — ¢, respectively, where is identical for all small cells. contrast to OBFD SBSs where backhaul interference effects
With the independent thinning obs, we can represent theonly the backhaul links (as can also be depicted from Fig. 1).
SBSs in IBFD and OBFD modes as two independent PPPBe rates of backhaul links to different SBSs thus tend to

®y and B,o with densityg), and (1 — ¢))\,, respectively. concentrate on deterministic limits that are calculateohgis
tools from asymptotic random matrix theory. In this papes, w

use the following formula for the backhaul data rate (in bps)

D. Massive MIMO—(?nabled ?ackhaul Model in the link between a CN and a given SES1[21]:
Each CN is equipped with\/ antennas that serves the )
M — min(N;, S) + 1SIR ) @
b |

backhaul links of a maximum &f single-antenna SBSs. Each g, — o Blog, (1 + :

SBS serves one user at a time and each user device is equipped min(Nj, S)
with one antenna. We refer to the massive MIMO regime aghere \V, denotes the number of SBSs associated with the
the case wheré < S < M. During the training phase, eachCN, min(N;, S) is the number of SBSs served by the CN
SBS sends a pre-assigned orthogonal pilot sequence to the&MN time, the factor in the numeratdf — min(N,S) + 1
which is estimated perfectly by the CN and the pilot sequenge the massive MIMO gain, the factanin(N;,S) in the

is not used by any other CN (i.e., no pilot contamination is
4Some guidelines will be provided in Section VII on how to irporate
the effect of interference due to pilot contamination.




denominator is due to dividing the CN’'s transmit poweare defined usind12), respectively, as follows:
equally per backhaul stream in the useful link, afiR,

. M — min(N;,S) +1
denotes the signal-to-interference ratio (SIR) at the SB8(  Rp,1 =aBlog, (1 + mm(S\/}/’ 8)) + SIRbJ) ,
some ?\l})use of the notation due to the multiplying factor o M mu? /i[’ Sy a1
%) and a is the backhaul access probability 7, __1Og2 (1 L2 H'HHS\/S’S ) + SIRb,o) . (6)
of a given SBS, which is defined as the probability that an min(N, S)

SBS is served by a CN over a backhaul link. Without loss Therefore, thenormalized rate (in bps/Hz) (i.e., the spec-
of generality, we ignore the impact of the time required fafal efficiency) for IBFD and OBFD modes can be obtained,
channel estimation ii12); however, it can be incorporated bespectively, by dividing all aforementioned rate equagio
multiplying R, with the ratio of time spent sending data tayith the bandwidthB, i.e.,

the total time framel[22]. R log, (1 + SINR, 1)
a,] =109 a,l )y

E. Load of CNs and Backhaul Access Probability of SBSs Ra.0 :%1og2(1 + SINR,.0)- @)

Note that the number of SBS%/, associated to a given
CN using the strongest signal association policy is a RV alﬂ
can exceed the supported number of backhaul stréarnise
probability mass function (PMF) of the number of SBSs serve .
by a generic CN can be given as follovis[23]: R —alog, (1 n M — min(N;, S) + 1 SIR, 1)

BT (n + b)(EN])" @) " mh?w;/’s; ,
T(n+ 1) (b + EN,])"+b’ Rb.0 :glogQ <1+ _Iz;n(gvs’s)” SIRbVO). @)
where E[N;] = A\;/\. is the average number of SBSs per .,

CN. This expression is derived by approximating the area of aW'thoUt IQS.'S of generality, we use nor.mallzed rate (qr
ectral efficiency) for numerical evaluation and analysis

Voronoi cell by a gamma-distributed RV with shape paramett roughout the paper
b = 3.575 and scale paramet Note that this expression . : .
b %'lr P 1) Downlink rate coverage of an SBS in IBFD modéow

s valid only when the SBSs are assumed to be spatia
s vall y W . pat ,gt us define the rate coverage probability of a given SBS

distributed according to an independent PPP.

In case when all SBSs associated to a given CN cannot%%erat'ng in IBFD mode as the probability that the downlink
served at the same time, the CN randomly picks a sef ofuser rate is higher than a required target rdtg. To achieve
SBSs. The backhaul access probability of an SBS can thus/fie N IBFD mode, bothRy, ;1 andR.,1 must be at leasky.
derived as follows: In other words,SINR, ;1 must be greater than a prescribed

threshold~,  to achieve a target rate dk, in the access
1, N: <S8 S link, where~, 1 can be given usindg]7) as follows:
a= min(,N). (4)

Similarly, the downlink rates (in bps/Hz) at the backhaul
Mk of a given SBS in the IBFD and OBFD modes are defined,
gspectwely, as follows:

PN, =n) =

No—1
((7571)_):/\%*’ NS>S ’Ya,I:2Rth_1- (9)

On the other handSIR,; must be greater than another
IIl. PERFORMANCEMETRICS ANDSINR MoODEL OFIBFD prescribed thresholds, ; to achieve a target rate oty in

AND OBFD TRANSMISSIONMODES the backhaul link. Usind{8)y1, 1 can be defined as follows:
In this section, we define the performance metrics of in-

terest, characterize the different sources of interfereand o1 = ml.n(Ns’S) (2% - 1) . (0)
formulate the SINR at the access and backhaul links of 7 M — min(N;, S) +1

the SBSs in both the IBFD and OBFD modes of backha®he coverage probabilitg; of an SBS in the IBFD mode is a
operation. Some relevant remarks regarding the intendity fanction of theSINR at both the access link and the backhaul
interfering sources and approximations are also highdightlink, and theSINR outage probability; is defined as follows:
which will be applied for the analytical evaluation of thaera
coverage probability expressions later in Section IV.

CI = P(SIRbJ > 'yb_l) ]P(SINRELI > '7371). (11)

2) Downlink rate coverage of an SBS in OBFD modére
A. Performance Metrics rate coverage probability of an SBS in the OBFD mode is

From Section I1.C, the instantaneous downlink rates (i) bp&iVen as
at the access I|nk_ of a given _SBS in the IBFD and OBFD ¢, — P(SIRb.0 > 7b.0) P(SINR4.0 > 7.0). (12)
modes can be defined, respectively, as: n
. wherev, o = 227" — 1 from (@). To achieveRy, in the
Ra,1 =Blog, (14 SINR, 1), |

backhaul link,y,,0 can be defined fronf18) as follows:

B
Ra,O ZEIOgQ(l =+ SINRa7o). (5) B min(j\/s7 8) ( 2Ry,
0= o min(Ns, S) + 1

- 1) . 13)
Similarly, the instantaneous downlink rates (in bps) at the
backhaul link of a given SBS in the IBFD and OBFD modes



3) Downlink rate coverage of a typical usefhe overall powerm) has already been incorporated in the desired
rate coverage probability of a typical user depends on t&R threshoid'yb_yl (see [2) and[{10)). Therefore it is not
probability of a given SBS to operate in OBFD or IBFD modeonsidered in[{(118). Sincé.. is stationary PPP, the PDF of the
and can thus be given as distancer. s between each CN and its designated SBS is given
by the Rayleigh distribution, i.ef,. .(r) = 2mA.re” ™"

Cu=qCr+(1-g)Co. (14) Since the Sl incurred at a given SBS in IBFD mode depends
on its own transmit power, we can define the residual SI power
B. SINR Model for IBFD Mode after performing S| cancellation as follows:
1) Access link:The SINR of a generic user associated with P,
an SBS in the IBFD mode can be defined as follows: Is1 = a (19)
Ps Fs,u 7‘5_71'48

_ % SM sm (15) Where¢ represents the SI cancellation capability of the SBS.
Isu + Icu + No Note that¢ depends on the nature of the Sl cancellation

where P, denotes the transmit power of a generic SBS, algorithms. For ease of exposition, we consigles a constant
andF, , denote the distance and the Gamma distributed fadi¥glue in this paper.

between a user and its serving SBS, respectively, Epds In the backhaul, a given SBS in the IBFD mode experiences
the thermal noise power. Sinde, is a stationary PPP, the PDFinterference from all other SBSs operating in IBFD mode re-

of the distancer, ,, is given by the Rayleigh distribution, i.e.,Ceiving their backhaul data from their corresponding CNugh
o (1) = 2mAgre AT, I,s can be modeled a& = > .5, Ps Fixs rif, where

SINR, | =

In the IBFD mode, a given user experiences interferenfes and Fi.s represent the distance and fast fading channel
from all SBSs in IBFD mode which receive backhaul dati€tween the two SBSs operating in IBFD mode, respectively.
from their corresponding CN. Thus, . can be modeled as Note that® is defined byl given in Remark 2. Finally,
follows: ' the interference received at an SBS from neighboring CNs can

I = Z P, Feurl?, (16) be modeled as!. s = Zyeq)c\c Pcry‘,f.

TEar\s C. SINR Model for OBFD SBS

where &, denotes the PPP of successfully backhauled SBSsl) Access link:The SINR received at a generic user asso-

in IBFD mode with intensityA;r and can be given using thegjateq to an SBS operating in OBFD mode can be defined
mean load approximationand Remark 2 detailed below. ;< fol10ws:

Mean load approximation: For analytical tractability, we SINR. o — Py Fsu 7“5_,5 (20)
approximate the number of SBSg, associated to a given 2,0 js,u + Ny
CN by its average value, i.€E|N;] = As/A.. As such, the . . _
average number of SBSs in IBFD mode served per CN céffiere /s, is the interference experienced by the user from
be given bygmin (A /e, S). all other SBSs operating in OBFD mode which are receiv-

Remark 2 (Intensity of Interfering SBSs in IBFD Mode) !N (el backhaul data from their corresponding CN., .
st stxul'xu- sO

. ; - Zwe@so\ 3
Given th? average number.of SBS.S In 1BFD .mode served pséuf::cessfully backhauled SBSs in OBFD mode with intensity
CN, the intensity\; of the interfering SBSs in IBFD mode < . . .
, . . Aso and can be obtained by using theean load approxi-
can be defined agmin (\s; /., S) .. The impact of thenean . ) .
o . . ation as detailed below ifRemark 3.
load approximation will be demonstrated through numerica

results in Section VII. Remark 3 (Intensity of Interfering SBSs in OBFD Mode)
The interference at a user due to backhaul transmissions EQOwing similar steps as iRemark 2, the intensity \so
be modeled as follows: of the interfering SBSs in OBFD mode can be defined as
(1 = ¢)min (As/Ae, S) Ac.
Iew= Z Porl, (17)  2) Backhaul link: The received SINR on the backhaul link
yeo. of an SBS operating in OBFD mode can be modeled as
Note that the interference at a user will be received froffllows: B
all streams.of a given CN.thus the total inter_fering power SINRp.0 = %’ (21)
from a CN is P, and there is no short-term fading factor in ss T les
the inte_rference experienced from the CNs due to the Cha“ﬂﬂerel&s can be given adys = 3,5 Ps Fs ¢ and
hardening effect. Lo = ZyECPC\C Pcr;f;.

2) Backhaul link: The received SIR on the backhaul link

of a given SBS in IBFD mode is given as: Remark 4 (Backhaul Rate CoverageSince N, is a RV in

the desired backhaul link threshold ;, the rate coverage of
P.r;f a given SBS in the IBFD mode can be calculated as follows:

-_— 18
Is,s + Ic,s + ISI ( )
. . Ci = P(SINR&I > ’}/371)
where r. s denotes the distance between the SBS and its P8
cT. s
Pl———2 > , (22
<Is,s + Ic,s + ISI ’7b71>‘| ( )

SIRp =

serving CNc. Note that the impact of equal power allocation

i . ] x En,
per backhaul stream (i.e., the denominator of CN’s transmit




where N; > 1. The same method is applicable to the ratike expressed as follows:
coverage of the SBS in OBFD mode.

L t)=E exp [—tP.r751] ,
V. DOWNLINK RATE COVERAGE ANALYSIS OF Tew () e yg < | vl
IBFD/OBFD SBS “ = -
In this section, we first derive the Laplace transforms of the = exp [—%)\c/ (1 —exXp [—L‘Pcf“_;ﬂ) Tyulry ul
interferences and then the rate coverage at the backhaul and - 0 9
access links of a generic SBS considering both the IBFD and @ exp _T‘—Ac(tpc)%r (1 - B)] , (24)

OBFD modes with Gamma-distributed fading channel powers L
at the access links. The steps of the analytical approach awehere (a) follows from the PGFL of a PPP and (b) follows
« Considering the IBFD mode, derive the Laplace trané0om solving the integral in (a). Note that the integral a2
forms of the co-tier and cross-tier interferences receivé@s a lower limit of zero as the nearest CN of a user can be
at the user, i.e.L;., (t) andL;_, (t), respectively. arbitrarily close to the user.

. Derive the rate coverage at the access link of an SBSThe rate coverage at the access link of an SBS in IBFD
in IBFD mode. The rate coverage at the access link Rode can then be formulated as follows.

OBFD mode is given as a special case of the IBFD Modgemma 1 (Access Link Rate Coverage of an SBS in IBFD

« Considering the IBFD mode, derive the Laplace trangode: Gamma Fading ChannelsJhe coverage probability
forms of the co-tier and cross-tier interferences received ihe access link of an IBED SBS can be derived in Gamma
at the SBS, i.e.£;, . (t) and Ly, (t), respectively. fading channels as

« Derive the rate coverage at the backhaul link of an SBS in
IBFD mode. The backhaul rate coverage in OBFD mode
is given as a special case of the IBFD mode.

« Finally, the total rate coverage probability of a user in
IBFD and OBFD mode, i.eG; andCp are obtained using

(11) and [(IR), respectively. Tage

i PS FS u
= 271'/\5/ F]agg < ,8 — N()) rs_’ue—ﬂ')\srs,qurSyu.
A. Rate Coverage Analysis: Access Links 0

Ya,ITs,u
To derive the rate coverage probability at the access link (25)
of a given SBS operating in IBFD mode, we first derive th8ince fading in the desired channel follows a Gamma distri-
Laplace transforms of the interferencés, and I., in the bution, we resort to apply the Gil-Pelaez inversion theorem
following. to evaluate the rate coverage probability. The CDF of the
Using the definition of the Laplace transform, the Laplacaggregate interference’, . (-) can be derived as detailed
transform of the interferenck ,, can be derived as follows: below:

Py Fy r;{f

P(SINR, [ > yup) =P | 2ot lsn o
( 1> Ya) Towtlomt No T
—_———

I

L., t)=FE —tlsu]], Ps Fsu
1 (0= B, [exp (L] Fi ( P _ NO)
(a) Ts,uYa,l
= Eg,. (ru) H exp [~tPs 1l Pl | 0o o[ PeFiu
2€Dsr\s @l_ l/ Im |Lp,,, (—jw) eﬂw Far ) | Q0
2 7/ aes w’
b
@ Es H (14+tPs T,ZE 6‘Fx,u)_kF"'“ ) w1l 1 [ . .
2€d.1\s = 2 Im [ﬁlc,u (—jw) Els,u (—jw)
c - o 1 P ; d
) oxp | —2mAa / 1— O el | xLr,, | | eV | =2, (26)
Toou (1 _|_ = x,u) Fx,u rs,u’}/a,l w

Tx,u

tPs Opy

—xerr? (aFy [kp o —21-2 . wherelm(-) represents the imaginary part of the argument.
@, ’ ( [ e S ] ), (23) Using [25), (a) follows from the application of the Gil-Peta

where (a) follows from the independence of the interferiniocrx,}VerSion theorem and (b) follows from the independence
links, (b) follows from the definition of MGF of a Gamma Lu and I, and applying the definition of the Laplace

RV, (c) follows the probability generating functional (PGF transform of ;. whereLp, , (jw) can be given as follows:
of PPP, and (d) follows from solving the integral by making Pow Pow ke
Lr. (J' - ) = (1 + i 9F> - (@7

substitutionz = (Ts,u/rx,u)ﬁ and performing algebraic ma- 3
nipulations. Ts,ua,l Ts,ua,l
Similarly, following (23), the Laplace transform @f , can  Remark 5 (Access Link Rate Coverage of an SBS in
OBFD Mode) Similar to the IBFD mode in[{23), the
Laplace transform offs,u can be obtained aﬁf” (t) =



Ea.o [Hme@so\s(l +ibs T;ﬁ GF"’“)_]CFXYU}' A closed-form =27 /Oo Fr Fe —Ist |7 e~ mAeres” g

expression can be given by replacing in Z3) with \o. “Joo =\l o o

Consequently, the rate coverage at the access link of an S\Bﬁere P

in OBFD mode can be derived by replacing; with v, o

and Fy,, with F; in Lemma 1 mentioned above. < P, )
o Fr,,, — I

. () can be derived as

. . Vb,1Tc,s
B. Rate Coverage Analysis: Backhaul Links

Now we derive the Laplace transforms of the interferences 1 1 /> Ly, (—=jw) Ly, (—jw) | dw
in the backhaul link of a given SBS operating in IBFD mode, — 5 o Im
i.e.,Is s andl. s. The Laplace transform df, ; can be obtained .
as L, (t) = Eg, [[lea, (1 +tPsrf 0p, ) ] A ,
closed-form expreslsion can then be given simplifying the Remark 6 (BaCk.haUI Link Rate Coverage for an SBS
result in Eq. [2B)(d) for., — 0 as follows: iIn OBFD Mode) Similar to the IBFD mode, the Laplace

transform of ;s and I s in OBFD mode can be given as in

- (30)
™ )

. —mAar? o F1 {kFXYu,_%,l_%,_tPS ZFX’“} (28) and [(2D), respectively. The received SIR at the badkhau
Lr,. () :Tshjgoe e link of an SBS operating in OBFD mode (i.8IRy, 0) is thus
’ P o 1 similar to that of an SBS operating in the IBFD model[in](18).
_2h {“%*ka,uv*%vl*%vm Hence, [(3D) can be used for the OBFD case after replacing
@ o e*”ﬂ (Borirn o) B ' b1 With v, o and substitutings; = 0.

V. SIMPLIFIED RATE COVERAGE EXPRESSIONS SPECIFIC
SCENARIOS AND APPROXIMATIONS

In this section, we provide simplified expressions for an
interference-limited scenario with Rayleigh fading at te

2F1 [1_%_kFx,ua_%71_%71:|

(tPs Op, ) °
28 |:kFx,s + %7 _%j|

(b) < cess links. Moreover, we exploit an approximation of the
= exp | ~mAq B(tPs Op. ) ’ (28)  Gauss's hypergeometric function to further simplify theera
L # O coverage expressions in the access link. Based on the simpli
where (a) follows from Pfaff identity, i.e., fied expressions and considering ideal backhaul rate cgeera
. we derive closed-form expressions for (i) the valueggahat
oFi(a,b,c,2) = (1 —2)""yF, [c— a,b,c, —J , maximizes the rate coverage probability of a typical user;
T (ii) the value ofq at which the the rate coverage probability
and (b) follows from the definition of Gauss's Hypergeon®triof all SBSs operating in IBFD and OBFD mode in a small
function, i.e., cell network can be balanced.
T(e)T'(c—a—0)
2Fifa;bye,z) = I(c—a)l(c—1b)’ A. Simplified Rate Coverage for Rayleigh Fading
and applying the definition of Beta function. The simplified rate coverage probability expressions in the
The Laplace transform of. ; can be derived by following access link of an IBFD SBS can be derived in closed-form
the steps in[{24) as follows: for a typical Rayleigh fading interference-limited scenaas

described in the following.

» Lemma 3 (Access Link Rate Coverage for an SBS in IBFD

Ly, (t) =exp l—2ﬁAc/ (1 — exp [—tPCT;_E]) Ty sdry
" Mode in Rayleigh Fading Channelsfor Rayleigh fading

c,s

r (1 - %) + 30, (—%, :1;) channels, i.e. F,, ~ Gamma(l,0p ) and interference-
=exp | —TAc —5 - rf,s . limited regime, the rate coverage probability experienegd
(tF:)"7 the access link of an IBFD SBS can be simplified as follows:

(29)

B
. . . (a) ’7a717"s,u
We apply Gil-Pelaez inversion theorem to evaluate the ratB(SIRa1 > 7a,1) = E [exp <_P 7 (Ien + Is,u)ﬂ :
coverage probability for an SBS in the backhaul link as shown $7Fn

below. w [ Va1 s YaIT5u

. ) = Is,u P 9 Ic,u P 0 f"'s,u (Ts,u)drs,lh
Lemma 2 (Backhaul Link Rate Coverage of an SBS in 0 87 s u sV Fsu
IBFD Mode). With Gamma-distributed interfering links, the () As

- . ) = , (31)
coverage probability of the backhaul link of an SBS in IBFD NrloF 1212 _ D4+ A
mode can be derived as follows: si(2F) { A %"I} )+ A+
P(SIRb,1 > b,1) whered =T (1 - %) /\c(;:éfc )ﬁ and is independent af



Note that (a) follows from the CDF of the exponentialBFD and OBFD modes. Nonetheless, all SBSs may not have
distribution with average powefr, ., (b) follows from the the capability to adaptively switch into different modes or
definition of Laplace transform and the independencé.qf some BSs can only operate in OBFD mode (could be due
and I, and (c) follows from substituting (23) and{24) ando unavailability of advanced S| cancellation circuitry amy
evaluating the integral. other implementation issues). In such a case, a user cathect

The backhaul rate coverage expressions can also be simgi-an IBFD SBS will experience significantly different rate
fied for Rayleigh fading channels due to the simplification afoverage probability from a user connected to an OBFD SBS
Beta function inL;, _(t) as follows: depending on the proportion of IBFD and OBFD SBSs in

9 o the network. Consequently, it will be important to set the
2m*Asicse(F) _ 32) Proportion of IBFD SBSs in the network such that they do not
(tPs GFX’S)_ﬁB hurt the rate coverage probability of users associated t6DB

SBSs. The proportion which balances the rate coverage in all
B. Approximate Rate Coverage for Gamma/Rayleigh FadinggFD and OBFD SBSg"**»<¢ can be decided in advance so

From [24, 13, Ch. 5 Eq (2), we haVethat each user can experience the same rate coverage.

) H ; * balance
o F [—%, k11— %,jx} ~1— JﬁQf’;. With this approximation, Clolgegl?orf:nllowm, we derive both the” and ¢ n

the rate coverage expressions in the access link can beifurth _
simplified for both Gamma and Rayleigh fading channel§orollary 2 (Balanced Rate Coverage with Perfect Back-
The Rayleigh fading case is detailed below. haul Rate Coverage)ln order to balance the rate cov-

i _ erage among all IBFD and OBFD SBSs in the net-
Corollary 1 (Approximate Access Link Rate Coverage for aork. we equateP(SIR.o > 7.0) and P(SIR.; >
SBS in IBFD/OBFD Mode Under Rayleigh Fading Channels) . d’ ¢ N

With the aforementioned approximation, the rate covera&évﬂ
probability experienced at the access link of an SBS in IBFRy; 5 F} [
mode can be simplified as follows:

L, (t)=exp

that leads to Aso 2/ {1,—%,1— %,—Va,o}
1, _%’ 1— %’ _%_’I] = A+ \go — As1. Substituting

the expressions ofs; and A\so from Remark 2 andRemark 3

P(SIR,; > o As we can derive; as follows:
a,l Va,I .
a1Pe \2
ASlﬁ Q'Yal + A +T ( 5) )\C(I_’ZSQIF )B qbalance _ 2[F1 [1 7%’17%’77]&’0]71[7 Actnin(;‘s/kms) ]
Ay 2F |1, ,371 %7—’Ya,o +2F 1,—%,1—%,—%1,1 -2°
(33) (35)

Similarly, the approximate access link rate coverage expre

sion for OBED mode can be derived as follows: Also, in this case, the access link rate coverage of a typical

user defined a6, = qP(SIRa1 > va1) + (1 — ¢)P(SIR,,0 >
P(STRa.0 > a.0)~< _ As _ (34) Ya,0) can be optimized with respect tQ. Hoyvev_e_r, the
/\som’ya,o + As presence of o F3(-) in the expression makes it difficult to
of)taln direct insights. As such, we approximatd’ () as
n Corollary 1. In the following, we derive a more simplified
(ilosed -form expression a@f°*2nce,

In the interference-limited regime and perfect backhal
coverage, it can be observed that the rate coverage in thescc
link of an SBS in IBFD mode is vulnerable to both the transm
powers and intensities of CNs and SBSs. On the other ha@rollary 3 (Approximate Balanced Rate Coverage with
the rate coverage of an SBS in OBFD mode is independéterfect Backhaul Rate Coveragdh order to balance the
of the transmit powers of CNs or SBSs. Furthermore, if th@te coverage in IBFD as well as OBFD mode, we equate
average load per CN is less thah the rate coverage of anPP(SIR.,0 > 7va,0) andP(SIRa1 > Ya1)-

SBS in OBFD mode becomes independent of the intensities ofSubstituting the expressionsxf; and A\so from Remark 2
CNs or SBSs. This can be verified by substituting the value ahd Remark 3 we can derive; as follows:

Aso in Corollary 1. These observations become more evident A(B—2)

when M — oo and in turnvy, 1, yn.0 — 0. gPriance _ 120 T Xomin(X./3eS) (36)
Ya,I + Ya,O

C. Perfect Backhaul Coverage: Large Valuesi\df Note thatgP@2nc s inversely proportional tod and in

The |deal backhaul rate coverage can be realized when then the transmission powers of CNs and SBSs, |7e
ratio m becomes very large, i.ey, 1 andy, o become Moreover, when the average load per CN is less thanSthe
very small as can be observed from](10). In such a case, g#&'*"¢ becomes inversely proportional to the fac@r That
can customize the value ¢fin closed-form such that either theis, increasing the intensity/power of SBSs requires areinse
user’s rate coverage is maximized (i) or the rate coverage in the fraction of SBSs operating in IBFD mode to maintain
of all SBSs in the network (in IBFD or OBFD mode) becomea fair rate coverage at all SBSs in a small cell network.
balanced (i.e.g”*21ce), Similarly, the rate coverage of a typical user in the access
The optimization of rate coverage leads to optimized ndink can be optimized with respect ypas detailed below.
work performance when each SBS can adaptively serve
associated user in both the IBFD and OBFD modes. That
each SBS can set the optimal proportignto switch between

&orollary 4 (Optimal Rate Coverage of a Typical User with
Berfect Backhaul Rate Coveragd)ssuming perfect backhaul



coverage, using the relatio, = ¢C; + (1 — ¢q)Co for rate than the power received from the strongest interfering CN.
coverage and substituting; and Co from eq. (31) and eq. In such a case, using more radio resources by switching to

(32) yields the OBFD mode is not necessary. On the other hand, if the
g\ (1— )\ signal power at the user from the strongest interfering CN
Cu . . (37) is comparable or higher than the useful signal power redeive

T N2 Mo 2
Asig=aYal tAs + A AsogT57a.0 T As from its serving SBS, the OBFD mode of operation is selected.

SinceAgi = ¢ x min(As/A.,S)Ae and dso = (1 — ¢) x  The mode selection criterion can be written mathematicly

min(As /e, S) A, We can write Poryf
P—i;;‘ > 7, IBFD mode
_ cTeou
e = 1 U0 @) P (@1)
qYa1+As+ A (1= q)cva0 + s o <T, OBFD mode
¢ cO,u
wherec = W Now differentiating each term wherer is a threshold that can be different for each user and
with respect ta; yields can be chosen as a function of the target rate requirement of
dc < A+ A that useryy ,, is the distance from the user to its serving SBS
— = As 5~ — 3 andr.g y is the distance from the same user to its closest CN.
dq (At cqrar+As) (7001 =a) +As) ?39 Given the mode selection criterion, the expressiongfaan

An optimurmy for a typical user can then be given as followsP€ derived for path-loss only environment as follows:

1
AN (€292 o +d)E(c(A+cva1)Va,0+d)y/As (AT As P\ "7
g = BP0t ) RTATN) (40: —E,.. []P [TCO7H><T ) rso.,uH,

- 02(*’@1)\54”75 o(A+>‘S)) P
’ ' s

whered = ¢(7a,1+7a,0)As. Note that( A+ \,)(¢*72 o +d) > o PG
02(—7371)\3 +7§70(A +Xs)) and 0 < ¢ < 1, thus the root @ / exp [—TH\C ( c) 7’2] <2 \sT €XPp [—w)\srz} dr,
0

with a negative sign is feasible only. P
2 —1
By replacing ¢ = A xmin(A/A.,S), Va1 = Ae [ Pe\?
J ) =1+ (72 42
2F1[1,—%,1 - %7_721.,1] -1, andv.0 = 2F1[1,—%71 - + N P, ' (42)
2 —~..0] — 1, @0) can be used to obtairi without approx-
ﬁr;atioaﬁo ' where (a) follows by using the distribution of distance te th

nearest point in a PPP. Note that,is a design parameter

which plays a key role in controlling the trade-off between

VI. BACKHAUL INTERFERENCEMITIGATION TECHNIQUES the rate coverage and the backhaul interference. Intlyitiire
Since the backhaul interference incurred at a user termig@lse when the backhaul interference from the nearest CN is

appears to be a fundamental bottleneck in the performanggre dominantr can be comparable tg, ; or v, o. However,

of in-band wireless backhauling, some kind of coordinatiof the other case should be selected sufficiently higher than

between CNs and SBSs is crucial to achieve the performangg or v..0 to consider the impact of additional co-tier and
gains of IBFD over OBFD mode. In this context, this sectiopross-tier interferences.

first discusses a distributed backhaul aware mode selectioms has been mentioned in previous sections, for a given
mechanism which provides some further insights into sielgct set of network parameters, a network designer can deter-
the proportion of in-band and out-of-band SBSH @s a mine the optimized value of given the statistical knowl-
function of network parameters. We then discuss two salutiedge/distributions of the intensity and locations of thesCN
techniques that can potentially enhance the performanceSESs, users, and channel gains among them. The optimal value
in-band wireless backhauling, namely, Backhaul Interfeee  of 4 can then be broadcast to all SBSs in the system. However,
Aware (BIA) power control at CNs and Interference Rejectiog given SBS can also decide the mode in a distributed manner
(IR) from the CN the serving SBS of the typical user ige.g., by using[{42)). Nonetheless, since the decisions of a
associated with. Since the locations of the BSs are relgtivé&sBS are dependent only on the statistics of its users’ chignne
fixed, the aforementioned backhaul interference managemgnd the incurred backhaul interference, the distributedeno
techniques can be easily implemented in practice. selection can lead to performance degradation (espedfally
the thresholdr is not optimized). This will be demonstrated

A. Distributed Backhaul-Aware IBFD/OBFD Mode Selectioryia numerical results in Section VII.

Based on the received power at a certain user from both o
the nearest CN and its serving SBS, the serving SBS inde- Interference Rejection
pendently chooses its mode, i.e., IBFD or OBFD mode. In For massive MIMO systems, backhaul interference at a
practice, this mode selection can also be performed by theen user from the CN its SBS is associated with can be
user as the interference estimation could be much easiercampletely rejected. This can be done by designing presoder
the user’'s end in the downlink. The user can then inform itssuming full knowledge of the channel state information
designated SBS about the feasible mode of operation. (CSI) between that CN and all users within its coveragé [16].
Specifically, the SBS chooses the IBFD mode if the receivéar example, ifH. , is the 1 x M channel vector between
signal power from that SBS at the user is sufficiently highéhe CN and a given user, the interference at from that CN

10



can be canceled (or rejected) by multiplying the transrginai VII. NUMERICAL AND SIMULATION RESULTS

(i-e., beamforming) from the CN by the mat®(H... - R)' In this section, we validate the accuracy of the derived ex-
whereH,_ s is the channel vector between the serving SBS Bf’essions. The downlink coverage probability of a typicseru

u and its serving C'_\‘(')T denotes the pseudo inverse, @d ang an SBS in both IBFD and OBFD modes is investigated
is calculated to satisfy the conditidd. ., - R = 0. Inthis jn terms of the density of SBSs, the SI value of the IBFD
case, the channel gain between this CN and the user serve&Bss, and the transmit power of the CN. Performance trade-
its associated SBS HuR(Hcs R)" = 0(Hcs - R)" = 0. offs are characterized and insights are extracted relatéloet

Note that, the number of antenid needs to be greater thanfeasibility and selection of in-band or out-of-band baakha
or equal t02 x min(Ny,S) (i.e., the total number of SBS yodes for FD small cells.

and the associated users under the assumption that onesusergq, our simulation results, we consider the path-loss expo-
served per SBS at a time). As such, the interference ih (1fdnt3 = 4 and the intensity of CNs a¥, = 10. Note that the
reduces to the following: simulations consider the shadowing phenomenon explidity
I, = Z Pcry_ﬁ _ Z P, ry_ﬁ. (43) such, the used intensities for CNs and SBSs are the ineesisiti
’ ’ ’ (i.e., AL and ),) defined prior to using the displacement
) theorem inRemark 1. The total transmit power available
Hence, using[{29), the Laplace transform of the backhayl each CN and SBS is taken & = 10W andP, = 2W,
interference can be given as follows: respectively. The number of available antennas at each CN is
Lo, () =L (t)]remren- (44) M = 500 and the number qf suppor_ted backhaul streams per
CNis S = 50. The total desired rate is set &;,, = 1 bps/Hz.
The Sl cancellation valug is set to 120 dB. Log-Normal
C. Backhaul Interference-Aware (BIA) Power Control at CN§p, 5 owing channel for the desired and interfering acceks li

BIA power control scheme requires the following informaare modeled with parameters= 1 ando = 2. The Gamma-

yeD, yed \c

tion at a given CN, i.e., distributed fading channel powers experienced at the SBIS an
« the cumulative interference at a given IBFD SBS at the user are modeled with shape parameters 0.5 and
associated with that CN (lage = Ics + Is s + Is1), k = 2, respectively, with the average channel fading power
« the desired link between CNand the IBFD SBS;, and k6 = 1. The values of the above-mentioned parameters remain
« the desired target SIR of the backhaul lik:. the same unless stated otherwise.
Based on these informations, a given CN reduces its power tdn the Monte-Carlo simulations, the SBSs, CNs, and users
a given IBFD SBS fromnnmpij\cfs to a level that can strictly are generated randomly in a circular cellular region in each

ensurey, . Otherwise, the C’ﬁf continues to transmit witteration. Their numbers follow a Poisson distribution lghi
powerﬁﬁ. This power reduction can potentially reducdheir Ipcauons_are rar)do.mly_ distributed in the_cellulagm]

the cross-tier interference experienced at a user asedaiath  following a uniform distribution. In each iteration, based
IBFD SBSs. Mathematically, the power level of a CN can thethe randomly generated channel gains (composed of distance

be defined as follows: based path-loss, shadowing, and fading) of access and back-
haul links, different kind of interferences and in turn the
P5 — min e Vol age (45) attained SINR at the access and backhaul links is calculated
cn . ) 7[5 . . . .
min (N, S) Tes Ses Since we assume perfect channel estimation and zero-fprcin

. . . . beamforming, the impact of pilot-contamination and intedh
However, since the factomin(N;, S) is already considered . A ; . . )
in the definition ofy, | (see [2) andd0)), thus we can Write_mterference is ignored in the simulations. Moreover, iseca
’ ' of interference rejection, we ignore the backhaul intenfiee
1
P2 = min ( , Il age

) (46) from the CN the SBS of a typical user is associated with.
—pB

Tc,s C,s
. Rate Coverage vs. Fraction of SBSs in IBFD/OBFD Mode
In practice, the aforementioned CSI is most likely avaéabfq g

at all SBSs and thus the calculation of the desired power from':i9'|_2 depicts the rate coverage probability of bOth the_SBSs
CN, i_e_’wgézagg can be performed by SBS and then forwarde@Perating in the IBFD mode and that are operating in the

t0 CN. Bg’sse&’son the load of associated SBSs per CN, the FD mode as a function of their corresponding fractions

, PN . : . -
can decide the transmit power level. Note that the gains "fe"q/\s and(1 —g)A;, respectively). Simulation results vali

. te the accuracy of the derived expressions and demanstrat
BIA power control scheme are expected to be more evid . . .
: . o at the impact of the considered mean load approximation
in the following scenarios:

(i.e., E[N;] = A, /)L) on the gap between the simulation and
« reduced number of SBSs per CN, analytical results is negligible. Note that the rate cogera
« low values ofy, 1, and _ of both kinds of SBSs (i.e., operating in IBFD and OBFD
« high total transmit poweP, of a given CN. modes) tends to degrade with the increase in the correspgpndi
In the above scenarios, equal transmit power allocation g&bportion (i.e.,q and 1 — ¢, respectively). This is due to
backhaul stream at CN results in unnecessarily high trastsmhe increased co-tier interference at their corresponaaugss

sion power. As such, the significance of applying the adaptiinks as the intensity of the interfering SBSs increasess Th
power control at a CN per IBFD stream is evident.
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Fig. 2: Rate coverage probability of SBSs operating in IBFBdemand OBFD mode as well as a typical user in the downlink
as a function of the proportion of IBFD SBSs considering tvifecent intensities of SBSs (fok/, = 10): (a) A, = 50 and
(b) X, = 100.

trend remains valid for any intensity of SBSs as can be saen fc ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
both \, = 50 and \, = 100 in Fig.[2(a) and (b), respectively. | - B -2=100
Fig. @ also shows the higher rate coverage of SBSs ir :
IBFD mode when the intensity of SBSs (i.€\,) is high. For
example, at\, = 100, 10% of IBFD SBSs in the network
experience a much higher (70%) rate coverage compared to tt
case when\, = 50. Moreover, comparing the rate coverage
of 10% of SBSs in the IBFD mode and 10% of SBSs in the
OBFD mode, it is observed that the IBFD SBSs outperform
the OBFD SBSs. The underlying reason is that both the acces
and backhaul links of 10% IBFD SBSs do not experience
any interference from the large proportion of OBFD SBSs.
However, the backhaul links of 10% of OBFD SBSs are I
vulnerable to the interference caused by 90% of IBFD SBSs 0 o Prmortion of SESG operatng in 1A mogzq 08 09
In particular, due to the co-tier interference from the éarg
proportion of IBFD SBSs, the OBFD SBSs may not enhanggg. 3: With perfect backhaul coverage, the rate coverage
their rate coverage significantly even for low proportion gfrobability of a typical user in the downlink as a function
OBFD SBSs in the network. of ¢, ., = 10.
In addition, Fig[2 depicts that a small cell network of 100%
IBFD SBSs or 100% OBFD SBSs may not be beneficial.
Instead, an appropriate valuepéan be selected that enhance®BFD SBSs. This behavior is evident from the increasing co-
either the overall rate coverage of a typical user or ensung@sr interference at the access and backhaul links of OBFD
a fair rate coverage at all SBSs in the network. For instan@BSs. Although a CN cannot support more ti&u$BSs, the
when\; = 100, a proportion of 70%-30% IBFD-OBFD SBSsco-tier interference can continue to increase even whén
in the network achieves a balanced rate coverage. On the otiécomes greater thahsince the distance & selected SBSs
hand, when\{ = 50, a proportion of 45%-55% IBFD-OBFD can continue to reduce with the increase\in
SBSs achieves a balanced rate coverage. In contrast to OBFD SBSs, the rate coverage of an IBFD
Finally, Fig.[3 demonstrate the accuracy ¢f derived in  SBS is observed to increase first up to some point and then
Eq. (38) for the case of perfect backhaul coverage. Theeérivjecrease as\, increases. That is, for a given proportign
value of¢* closely matches the optimal value gfobtained of IBFD SBSs, the number of SBSs in the network can

e
3

o
@
@

1)
o
L]
\

\

1

a

’

a°
i *=0.7045 from
a Eq. 38)
1

o
3
@
T
AY

4 1

e
o
T

Rate Coverage Probability
&

q*=0.5748 from
Eq. (38)

1
>
T

through simulations. be optimized to enhance the rate coverage of IBFD SBSs.
_ An increase in the rate coverage is observed first due to
B. Rate Coverage vs. Intensity of SBSs relatively small backhaul interference incurred at a tgpic

Fig.[d shows the downlink rate coverage of an IBFD andser. However, after a certain point, the backhaul interfee
an OBFD SBS as a function of the intensity of SBSs iRecomes more significant and the rate coverage starts to
the network. In general, it can be seen that, for a giyen decrease. . . _ N
an increasing number of SBSs reduces the rate coverage ofhe trends remain same for different intensities of CNs.
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Fig. 4: Rate coverage probability of SBSs operating in IBFBdemand OBFD mode as well as a typical user in the downlink
as a function of the intensity of SBSs considering two déferintensities of CNs (fog = 0.5): (a) A, = 10 and (b)\,, = 20.

However, it can be observed from Hig. 4(b) that a high intgnsi Neso Ng= 100
of CNs is preferable for OBFD mode due to the possibility 05—e—e—e—0—o—48 05
of strong backhaul links. On the other hand, an increase: 045l Loas
intensity of CNs yields a higher backhaul interference iRIB
mode. Consequently, ag. increases, the optimal intensity of
SBSs for IBFD mode also increases. It can thus be conclude
that a high intensity of SBSs and CNs favors the IBFD mode

and the OBFD mode, respectively.

041 1 0.4,

0.35F 10.35

1 03

0.251 10.25

Rate Coverage Probability
o
w

. 021 1 0 1
C. Impact of SI Cancellation B T
Fig.[3 depicts the impact of increasing the Sl cancellation ~ ***| |01 f| AT gosmieromede |1
on the performance of SBSs in IBFD mode. As expected, ai LELS P~ o 120%% - 0
increase in the Sl cancellation increases the rate coverige Sl Cancellation Value 1€ dB

SBSs in IBFD mode whereas the performance of the SBSs in - o

OBFD mode remains unchanged. For low intensities of SB&- 5: Rate coverage probability of SBSs operating in IBFD
in the network, a higher SI cancellation value may be reguird’°de and OBFD mode as well as a typical user in the
to achieve the rate coverage gains of IBFD over OBFD mod&Wnlink as a function of the Sl cancellation value consitgr
This is because the weak access links (due to sparse and Mﬁ)sdlfferent |r)ten5|t|es of SB§5 in the network (fpr= 0.5,
far-away SBSs) require high transmit power and consequent: = 10): (&) As = 50 and (b)X; = 100.

high SI cancellation is required at the SBSs to achieve high

rate coverage. As such, in scenarios with Idfy it may not ) ) ) )

be possible to achieve the gains of IBFD over OBFD mode R&rameters. Fid.17 depicts the value ofierived in (40) as

is also evident from Fid]2 and Figl 4. The OBFD-only mod@ function of CN’s transmit power and the intensity of SBSs.
will thus be the right-choice in such scenarios. Simulations results validate the accuracy of the exprassio

can be observed that the higher transmit power of CNs lead to
. . higher backhaul interference therefore the proportiorB&iD
D. Distributed Mode Selection mode, i.e.,q tends to reduce with increase .. However,
Fig. [@ illustrates the impact of distributed mode selectiohe higher intensities of SBSs favor IBFD mode relatively
on the rate coverage of a typical user. For comparison, Wre compared to OBFD mode as is also depicted in Fig. 3.
considerg* = 0.5 which is the optimal proportion of IBFD Therefore, the value of increases for higher values of..
and OBFD SBSs when, = 10 and X, = 50 as shown in These insights can also be depicted directly from (40).
Fig.[2(a). It can be clearly observed that the optimal valfie o
T is 1_0 for /\’S_ = 50. With this value, the distributed modeE' Backhaul Interference Mitigation
selection achieves near optimal performance’at= 50 and ) ) ) .
other low values of\.. However, the threshold value= 10 Fig- [ depicts the rate coverage of a typical user with
does not work optimally for higher values of. The value interference mitigation schemes _(i.e.,_ interference ct&a
of 7 will therefore need to be optimized for different networi@d BIA power control) considering different values of the
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Fig. 7: Value ofg in distributed backhaul-aware mode selectiointerference mitigation schemes implemented at IBFD SBSs
as a function ofP, and \, (\., = 20). as a function of the proportion of IBFD and OBFD SB&s

CN’s transmit power. As the available transmit power per CRuitigation schemes at IBFD SBSs as a function¢ofAs
increases, the gains of interference mitigation schemesbe expected, the higher the fraction of IBFD SBSs, the gains
more evident. This is due to the fact that high transmit powef interference mitigation become more evident. Also, the
leads to high backhaul interference, and therefore, theflienoptimal value ofq increases with interference mitigation due
of interference mitigation becomes more evident. It cao al$o the enhancement in IBFD mode.
be observed that if the BIA power control scheme is applied
only to the designated CN which is associated with the SBS pf Extensions to Include the Impact of Pilot Contamination
the typical user, significant gains can be achieved. In fact, . . . N

. . - In order to include the impact of pilot contamination, we
low intensity of SBSs, the rate coverage becomes similar to . o .

. S . need to consider additional interference at the backhaallof

that due to the interference rejection scheme. This is lseca

: . . . BSs. The interference due to pilot contamination is reszckiv
the impact of backhaul interference from neighboring C . )
. : . rom those CNs that are reusing the same pilot sequences. The
is relatively low compared to the designated CN. Howeve

I . . ; )
for high intensity of SBSs, the gains are negligible due t|r1terfer|ng C.NS follow a thmned PPP df, and the intensity
. can be given as mentioned below.

the significant backhaul interference from neighboring CNs . :
Finally, it is observed that once the power control is agmplie Assume that a set & orthogonal pilot sequences is reused
Y. P t each CN. In case where the number of associated SBSs

by all CNs for their corresponding SBSs, the rate coverage %t a given CN is less than the number of supported streams,

_typ|cal user gnhances significantly. T_he reason Is the temhuc i.e., Ny < 8, the probability of the use of a pilot sequence
in cross-tier interference from all neighboring CNs.

Fig. @ quantifies the gain of implementing interferencgt that CN and in turn receiving interference from that CN is
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%. Otherwise, all the pilot sequences will be reused at that
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Appendix A]:

B M —min(N;, §) +1 4
Ipc= Y NN Pyl (48)

ye@c\c
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G. Random Scheduling at a Given SBS

For a typical random/round-robin scheduling, our frame-
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VIIl. CONCLUSION

We have investigated the performance of a massive MIMO-
enabled wireless backhaul network which is composed of a
mixture of small cells configured either in the in-band or-ou
of-band FD backhaul mode. The feature of massive MIM
at CNs and shared-antenna based full-duplexing at SBSs can
enable the use of the proposed framework in existing LTEA’
standards. Downlink coverage probability has been defived [1g]
a typical user considering both the IBFD and OBFD modes. It
has been shown that selecting a correct proportion of out-of
band small cells in the network and appropriate Sl candetiat [19]
value is crucial in obtaining a high rate coverage. Few raated
solutions for backhaul interference management have been
presented. The framework can be extended to include meiltipio
antennas at SBSs, to consider the possibility of servingsuse
through CNs, i.e., depending on the coverage requirem
a user can opportunistically switch between SBSs and C
Further extensions to this work could include the effect of

opportunistic scheduling on the rate coverage probability
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