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Abstract—Recent advancements in self-interference (SI) can-
cellation capability of low-power wireless devices motivate in-
band full-duplex (FD) wireless backhauling in small cell networks
(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 tools
from stochastic geometry, we develop a framework to model the
downlink rate coverage probability of a user in a given SCN
with massive MIMO-enabled wireless backhauls. The considered
SCN is composed of a mixture of small cells that are configured
in either in-band or out-of-band backhaul modes with a certain
probability. The performance of the user in the considered hier-
archical network is limited by several sources of interference such
as the backhaul interference, small cell base station (SBS)-to-SBS
interference and the SI. Moreover, due to the channel hardening
effect in massive MIMO, the backhaul links experience long term
channel effects only, whereas the access links experience both
the long term and short term channel effects. Consequently,the
developed framework is flexible to characterize different sources
of interference while capturing the heterogeneity of the access
and backhaul channels. In specific scenarios, the framework
enables deriving closed-form coverage probability expressions.
Under perfect backhaul coverage, the simplified expressions are
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 backhaul
interference and in turn improve the performance of in-band FD
wireless backhauling. Numerical results investigate the scenarios
in which in-band wireless backhauling is useful and demonstrate
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, stochastic geometry,
backhaul interference.

I. I NTRODUCTION

Massive deployment of small cells will be a key feature of
the emerging 5G cellular networks [1]. Subsequently, efficient
forwarding of the backhaul traffic of the small cells will
be a key challenge. By definition, the small cell backhaul
connections are used to (i) forward/receive the end-user (small
cell user) data to/from the core network and (ii) exchange
mutual information among different small cells. Typically,
the backhaul of small cells exploits either wired connectivity
(e.g., optical fiber and DSL connections) or wireless connec-
tivity (e.g., microwave or millimeter wave links). However,
the prohibitively high cost of wired connectivity, directed
transmission requirement of the microwave links, and the poor
penetration of the mmwave links make them less attractive
backhaul solutions. To this end, leveraging the use of radio
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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 exhibits
less-sensitivity to channel propagation effects, providewider
coverage due to non-LOS propagation, makes the reuse of
existing hardware possible, and thus enable simpler operation
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 simultane-
ous transmission and reception of information in the same fre-
quency band. FD transmission can be realized at base stations
(BSs) through two different antenna configurations, i.e., shared
and separated antenna configurations [4]. The shared antenna
configuration uses a single antenna for simultaneous in-band
transmission and reception through a three-port circulator. On
the other hand, the separated antenna configuration requires
separate antennas for transmission and reception. The gains
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]. Fortunately,
with the recently developed antenna and digital baseband
technologies, SI 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-
terference management schemes [7], [8] and backhaul delay
minimizing solutions [9]. In [7], an interference management
strategy is proposed for self-organized small cells. The small
cell base stations (SBSs) operate like decode-and-forward
relays for the macrocell users and forward their uplink traf-
fic to the macrocell base station (MBS) over heterogeneous
backhauls. The problem is formulated as a non-cooperative
game and a reinforcement learning approach is used to find
an equilibrium. In [8], a duplex and spectrum sharing scheme
based on co-channel reverse time-division duplex (TDD) and
dynamic soft frequency reuse (SFR), are proposed for back-
haul interference management. An optimization problem is
formulated to allocate backhaul bandwidth and to optimize
user association such that the network sum-rate is maximized.
A tractable model is developed in [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 effective
without a comparable investment in the backhaul network.

Along another line of research, the performance gains of
FD SBSs are recently analyzed for concurrent uplink and
downlink transmissions in various research studies considering
a single antenna [10]–[14] and multi-antenna [15], [16] trans-
missions. In [10], the feasibility conditions of FD operation are
investigated followed by developing an uplink/downlink user
scheduling scheme that maximizes the overall utility of all
users. In [11], a resource management scheme is developed
that assigns downlink and uplink transmissions jointly and
perform mode selection at each resource block while con-
sidering the gain of SI cancellation. Users’ transmit power
levels are then determined such that the total utility sum
is maximized. Another optimization-based study considers
maximizing the sum-rate performance by jointly optimizing
subcarrier assignment and power allocation considering FD
transmissions [12].

In [13], considering Rayleigh fading channels and ideal
backhauls for SBSs, a downlink throughput analysis of aK-
tier network is conducted in which the SBSs operate in either
a downlink half-duplex (HD) or a bi-directional FD1 mode.
It is shown that all BSs should operate in either HD or FD
mode to maximize network throughput. Using Wyner model,
[14] analyzes the network rate under single-cell processing
and cloud-RAN operation considering either HD or FD BSs.
Insights are extracted related to the regimes in which FD
BSs are advantageous. In [15], the gains of using multiple-
antennas for HD multiple-input-multiple-output (MIMO) link
are compared to the gain achieved by utilizing the antennas
for FD transmission. Conditions are analyzed in which using
additional antennas for FD transmission is beneficial instead of
high capacity HD MIMO link. For a single massive MIMO-
enabled MBS and small cells deployed on a fixed distance
from the MBS (ignoring the co-tier interference among SBSs),
a precoding method is designed in [16]. The precoding method
enables complete rejection of backhaul interference received
at a given user from the MBS to which the serving SBS of
that user is associated with.

B. Motivation and Contributions

Although the feasibility of HD SBSs (referred as out-of-
band FD SBSs in this paper) has been investigated for wireless
backhauls, there has not been any comprehensive study on
the performance and feasibility of FD SBSs (referred as in-
band FD SBSs in this paper) in wireless backhauled small cell
networks. In particular, the use of full-duplex communication
in wireless backhauling and the performance gains have not
been investigated. With this motivation, this paper provides
a framework to understand the performance and significance
of full-duplex communication in wireless backhaul networks.
While the in-band FD operation can ideally double the spectral
efficiency in a link, the network-level gain of exploiting FD
transmission in the wireless backhauls remains unclear due

1Bi-directional FD mode allows both the transmitter and the receiver to
transmit signals to each other at the same time and in the samefrequency
band.

to the complicated interference environments, e.g., SI, co-tier,
and cross-tier interferences at the backhaul and access links
(as illustrated in Fig. 1). Due to the complicated interference
environments in full-duplex backhaul transmission scenarios,
a theoretical framework is required to characterize the diverse
interference issues and to critically analyze the scenarios in
which in-band backhauling may be beneficial over out-of-band
backhauling. In this context, the contributions of this paper are
listed as follows:

• Using tools from stochastic geometry, we model the
performance of a massive MIMO-enabled wireless back-
haul network that supports single-antenna small cells. A
hierarchical network structure is considered in which the
massive MIMO-enabled wireless backhaul hubs (or con-
nector nodes (CNs)) are deployed to provide simultaneous
backhaul to multiple SBSs. Each SBS can be configured
either in the in-band or out-of-band FD backhaul mode
with a certain probability. Note that the in-band FD
backhaul mode leads to three-node full-duplex (TNFD)
transmission which involves three nodes, i.e., the CN
transmits to an SBS and the SBS transmits to a user2.

• The downlink rate coverage (which is a function of the
rate coverage in the access and backhaul links) of a small
cell user is derived considering both the in-band and
out-of-band FD backhaul modes of a given SBS. Due
to the channel hardening effect in massive MIMO, the
backhaul links experience long-term channel effects only,
whereas the access links experience both the long term
and short term channel effects. Thus, unlike traditional
Rayleigh fading assumption, the framework captures the
heterogeneity of the access and backhaul links.

• Closed-form rate coverage expressions are then provided
for specific scenarios. The simplified expressions, under
the assumption of perfect backhaul coverage, are then
utilized to customize the proportion of in-band and out-
of-band FD SBSs in a small cell network in closed-form.

• A distributed backhaul interference-aware mode selection
mechanism is then discussed to gain insights into select-
ing the proportion of in-band and out-of-band FD SBSs
as a function of network parameters.

• 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
backhaul interference and quantify the enhancements in
the performance of in-band FD wireless backhauls.

Numerical results demonstrate the usefulness of in-band FD
wireless backhauls in scenarios with low SI, low transmit
power and intensity of CNs, and higher intensity of SBSs.
It is also shown that solely implementing the in-band or out-
of-band FD backhaul solutions may not be useful. Instead, a
system with the correct proportion of in-band and out-of-band
FD SBSs should be implemented.

2Interested readers are referred to [5] for the details of TNFD mode
of transmission. In the TNFD mode, a typical user suffers from backhaul
interference (i.e., the interference received at a typicaluser from the CN
which is associated to its designated in-band FD SBS).
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C. Paper Organization and Notations

The rest of the paper is structured as follows. Section II
discusses the system model and assumptions, the channel
model, and the massive MIMO-enabled wireless backhaul
model. Section III formulates the signal-to-interference-plus-
noise ratio (SINR) model, performance metrics, and discusses
some of the approximations considered throughout the paper.
Section IV derives the rate coverage expressions for a given
SBS considering both in-band and out-of-band FD backhaul
modes. Section V provides the simplified rate coverage ex-
pressions and customizes the proportion of in-band and out-
of-band FD SBSs in the network. Backhaul interference man-
agement techniques are discussed in Section VI. Section VII
provides numerical and simulation results followed by the
concluding remarks in Section VIII.

Notation: Gamma(k(·), θ(·)) represents a Gamma distribution
with shape parameterk, scale parameterθ and(·) displays the
name of the random variable (RV).Γ(a) =

∫∞

0 xa−1e−xdx
represents the Gamma function,Γu(a; b) =

∫∞

b xa−1e−xdx
denotes the upper incomplete Gamma function, andΓl(a; b) =
∫ b

0 xa−1e−xdx denotes the lower incomplete Gamma func-
tion [17]. 2F1[·, ·, ·] denotes the Gauss Hypergeometric func-
tion andB(·, ·, ·) denotes the incomplete Beta function.f(·)
and F (·) denote the probability density function (PDF) and
cumulative distribution function (CDF), respectively. Finally,
E[·] denotes the expectation operator.

II. SYSTEM MODEL AND ASSUMPTIONS

A. Network Deployment Model

We consider a downlink two-tier cellular network with
small cells connected to the core network through connector
nodes (CNs). The CNs provide wireless backhaul connections
to the small cells. A CN is typically situated at a fiber
point-of-presence or where high-capacity line-of-sight (LOS)
microwave link is available to the core network. An existing
MBS can be an example of such a CN which is connected
to the core network by fiber-to-the-cell (FTTC) links. The
locations of the CNs, SBSs, and users are modeled according
to independent homogeneous Poisson Point Processes (PPPs)
Φ′

c, Φ
′
s, andΦ′

u with intensitiesλ′
c, λ

′
s, andλ′

u, respectively.
Specifically, for a given PPP, the number of points and their
locations are random and they follow Poisson and uniform
distributions, respectively. The abstraction model wherethe
nodes are distributed using PPP has been shown to be quite
effective for system-level performance evaluation of cellular
networks (see [18] and references therein)3.

For the downlink transmission, each user (and SBS) asso-
ciates to the SBS (and CN) that offers the strongest average
received power. Since the users follow a PPP, therefore, the
number of users in the system as well as the number of users
associated per SBS are random. Several users associated to a
given SBS are assumed to be served at orthogonal frequency
resource blocks.

3Other modeling options may also be used, e.g., the locationsof the CNs
might be correlated with the SBSs. This can be taken into account by consid-
ering non-Poisson point processes. However, for analytical intractability, such
a modeling option is not considered in this paper.

B. Channel Model

Throughout the paper, the propagation channels related
to network elements of the same type are assumed to be
independent and identically distributed (i.i.d.). If a generic CN-
to-SBS link is considered, e.g., from the CNi to the SBSk,
the channel parameters are identified by using the subscript
{ci, sk}. A similar notation holds for the channel parameters
related to other network elements. The wireless channels are
subject to path-loss, shadowing, and fast-fading.

1) Path-Loss: Let rXi,Yk
be the distance between two

generic network elementsXi andYk. Based on the downlink
network model, we haveXi ∈ {ci, si} and Yk ∈ {sk, uk}
where c, s, and u denote the generic CN, SBS, and user,
respectively. The path-loss of this generic link is defined as
r−β
X,Y (for ease of exposition, we exclude the subscripts ofX

andY ) whereβ > 2 denotes the path-loss exponent.
2) Shadowing and Fading:In addition to the distance-

dependent path-loss, the generic link is subject to both the
shadowingSX,Y and fast fadingFX,Y , unless stated other-
wise. We model shadowing with the log-normal distribution
whereµX,Y and σX,Y are the mean and standard deviation
of the shadowing channel power, respectively. Furthermore,
the fading component of the wireless channel is modeled by
the Nakagami-m distribution. Nakagami-m is a generic fading
distribution which includes Rayleigh distribution form = 1
(typically used for non-LOS conditions) as a special case
and can well-approximate the Rician fading distribution for
1 ≤ m ≤ ∞ (typically used for strong LOS conditions) [19].

Remark 1 (Displacement Theorem [20]). The displacement
theorem can be used to deal with the shadow fadingSX,Y

as a random and independent transformation of a given ho-
mogeneous PPPΦ of density λ. In this case, the resulting

point process is also a PPP with equivalent densityλE[S
2
β

X,Y ].
Applying this theorem to our case, we can handle the effect of
any distribution for the shadow fading as long as the fractional

moment E[S
2
β

X,Y ] is finite. For log-normal shadowing, the
fractional moment can be given by using the definition of its
moment generating function (MGF) as follows:

E[S
2
β

X,Y ] = exp

(

2
µX,Y

β
+ 0.5

(

2
σX,Y

β

)2
)

. (1)

As such,Φ′
c andΦ′

s becomeΦc andΦs with densitiesλc =

λ′
cE[S

2
β

X,Y ] andλs = λ′
sE[S

2
β

X,Y ], respectively. Thus, a generic

useful or interfering link gain given byr−β
X,Y SX,Y FX,Y , where

r follows a PPPΦ′, will be modeled asr−β
X,Y FX,Y wherer

follows a PPPΦ throughout the paper.

C. Backhaul Modes of Operation at SBSs

Each SBS can operate in two modes for backhaul transmis-
sion, i.e.,

• In-Band Full-Duplex (IBFD) mode: in which the access
link and backhaul link transmissions are conducted in the
same frequency band (sayF1) of bandwidthB. Thus, the
total bandwidth usage of IBFD mode isB.

• Out-of-Band Full-Duplex (OBFD) mode: in which the
access link and backhaul link transmissions are conducted

3



IBFD SBS

Self-Interference

Desired Link: 

Frequency (F1)

Cross-tier Interference at SBS Desired Link: 

Frequency (F2)

Core Network

OBFD SBS

Cell 1

Cell 2

Co-tier Interference at SBS
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Backhaul Link of SBSs in Cell 1

OBFD SBSOBFO

Core Network

Cross-tier Interference at User

Co-tier Interference at User

IBFD SBS

Cross-tier and Co-tier Interference at the 

Access Link of SBSs in Cell 1

Desired Link: 

Frequency (F1)

Desired Link: 

Frequency (F2)

Cell 1

Cell 2

Fig. 1: Graphical illustration of the considered massive MIMO-enabled wireless backhaul network for both in-band and out-
of-band small cells. Co-tier and cross-tier interferencesexperienced at the access and backhaul links are illustrated for in-band
and out-of-band small cells located in cell 1.

in different frequency bandsF2 and F1, respectively.
Note that, in OBFD mode, if we calculate capacity by
consideringF1 and F2 each of bandwidthB, then the
total bandwidth usage of OBFD mode becomes2B. This
is an unfair setting from the perspective of bandwidth
usage and in turn capacity calculation.

In order to have a fair comparison, we need to assume that each
mode (i.e., IBFD or OBFD) can consume a total bandwidth
of B Hz only, i.e., the IBFD mode would useB Hz for both
access and backhaul link transmissions. On the other hand,
the OBFD mode would have to use0.5B Hz of F2 for the
access link and0.5B Hz of F1 for the backhaul link. Detailed
throughput calculations are shown in Section III.A.

For efficient antenna usage, in this paper, FD operation is
achieved at the SBS using a shared antenna that separates
the transmitting and receiving circuit chains through an ideal
circulator. The transmission mode selection for small cells is
modeled by independent Bernoulli RVs such that small cells
are configured in IBFD and OBFD mode with probabilityq
and1− q, respectively, whereq is identical for all small cells.
With the independent thinning ofΦs, we can represent the
SBSs in IBFD and OBFD modes as two independent PPPs
ΦsI andΦsO with densityqλs and (1 − q)λs, respectively.

D. Massive MIMO-enabled Backhaul Model

Each CN is equipped withM antennas that serves the
backhaul links of a maximum ofS single-antenna SBSs. Each
SBS serves one user at a time and each user device is equipped
with one antenna. We refer to the massive MIMO regime as
the case where1 ≪ S ≪ M . During the training phase, each
SBS sends a pre-assigned orthogonal pilot sequence to the CN
which is estimated perfectly by the CN and the pilot sequence
is not used by any other CN (i.e., no pilot contamination is

assumed)4. The channel estimation is facilitated by considering
time division duplexing (TDD) at CNs such that the channel
reciprocity is guaranteed. The maximum number of downlink
backhaul data streamsS per CN depends on the dimension
of the uplink pilot field, which in turn determines the number
of channel vectors that can be estimated and for which the
downlink precoder can be calculated.

Each CN serves its SBSs by using linear zero-forcing beam-
forming (LZFBF) with equal power per backhaul data stream.
As such, in the massive MIMO regime, the effects of Gaussian
noise and uncorrelated intra-cell interference disappear. In
this paper, massive MIMO is utilized at CNs to facilitate
simultaneous backhaul transmissions to several SBSs on the
same frequency channel. In particular, with the aid of massive
MIMO and LZFBF, the interference among multiple backhaul
streams of a CN is mitigated. However, due to this interference
mitigation, the massive MIMO with LZFBF could possibly be
more beneficial for IBFD SBSs as their both access/backhaul
links are vulnerable to the backhaul transmissions. This isin
contrast to OBFD SBSs where backhaul interference effects
only the backhaul links (as can also be depicted from Fig. 1).
The rates of backhaul links to different SBSs thus tend to
concentrate on deterministic limits that are calculated using
tools from asymptotic random matrix theory. In this paper, we
use the following formula for the backhaul data rate (in bps)
in the link between a CN and a given SBS [21]:

Rb = αBlog2

(

1 +
M −min(Ns,S) + 1

min(Ns,S)
SIRb

)

, (2)

whereNs denotes the number of SBSs associated with the
CN, min(Ns,S) is the number of SBSs served by the CN
at a time, the factor in the numeratorM −min(Ns,S) + 1
is the massive MIMO gain, the factormin(Ns,S) in the

4Some guidelines will be provided in Section VII on how to incorporate
the effect of interference due to pilot contamination.
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denominator is due to dividing the CN’s transmit power
equally per backhaul stream in the useful link, andSIRb

denotes the signal-to-interference ratio (SIR) at the SBS (with
some abuse of the notation due to the multiplying factor
M−min(Ns,S)+1

min(Ns,S) ), and α is the backhaul access probability
of a given SBS, which is defined as the probability that an
SBS is served by a CN over a backhaul link. Without loss
of generality, we ignore the impact of the time required for
channel estimation in (2); however, it can be incorporated by
multiplying Rb with the ratio of time spent sending data to
the total time frame [22].

E. Load of CNs and Backhaul Access Probability of SBSs

Note that the number of SBSsNs associated to a given
CN using the strongest signal association policy is a RV and
can exceed the supported number of backhaul streamsS. The
probability mass function (PMF) of the number of SBSs served
by a generic CN can be given as follows [23]:

P(Ns = n) =
bbΓ(n+ b)(E[Ns])

n

Γ(n+ 1)Γ(b)(b + E[Ns])n+b
, (3)

whereE[Ns] = λs/λc is the average number of SBSs per
CN. This expression is derived by approximating the area of a
Voronoi cell by a gamma-distributed RV with shape parameter
b = 3.575 and scale parameter1bλc

. Note that this expression
is valid only when the SBSs are assumed to be spatially
distributed according to an independent PPP.

In case when all SBSs associated to a given CN cannot be
served at the same time, the CN randomly picks a set ofS
SBSs. The backhaul access probability of an SBS can thus be
derived as follows:

α =







1, Ns ≤ S
(Ns−1

S−1 )
(Ns

S )
= S

Ns
, Ns > S = min

(

1,
S
Ns

)

. (4)

III. PERFORMANCEMETRICS AND SINR MODEL OF IBFD
AND OBFD TRANSMISSION MODES

In this section, we define the performance metrics of in-
terest, characterize the different sources of interference, and
formulate the SINR at the access and backhaul links of
the SBSs in both the IBFD and OBFD modes of backhaul
operation. Some relevant remarks regarding the intensity of
interfering sources and approximations are also highlighted
which will be applied for the analytical evaluation of the rate
coverage probability expressions later in Section IV.

A. Performance Metrics

From Section II.C, the instantaneous downlink rates (in bps)
at the access link of a given SBS in the IBFD and OBFD
modes can be defined, respectively, as:

R̃a,I =Blog2(1 + SINRa,I),

R̃a,O =
B

2
log2(1 + SINRa,O). (5)

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

are defined using (2), respectively, as follows:

R̃b,I =αBlog2

(

1 +
M −min(Ns,S) + 1

min(Ns,S)
SIRb,I

)

,

R̃b,O =
αB

2
log2

(

1 +
M −min(Ns,S) + 1

min(Ns,S)
SIRb,O

)

. (6)

Therefore, thenormalized rate (in bps/Hz) (i.e., the spec-
tral efficiency) for IBFD and OBFD modes can be obtained,
respectively, by dividing all aforementioned rate equations
with the bandwidthB, i.e.,

Ra,I =log2(1 + SINRa,I),

Ra,O =
1

2
log2(1 + SINRa,O). (7)

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

Rb,I =αlog2

(

1 +
M −min(Ns,S) + 1

min(Ns,S)
SIRb,I

)

,

Rb,O =
α

2
log2

(

1 +
M −min(Ns,S) + 1

min(Ns,S)
SIRb,O

)

. (8)

Without loss of generality, we use normalized rate (or
spectral efficiency) for numerical evaluation and analysis
throughout the paper.

1) Downlink rate coverage of an SBS in IBFD mode:Now
let us define the rate coverage probabilityCI of a given SBS
operating in IBFD mode as the probability that the downlink
user rate is higher than a required target rateRth. To achieve
Rth in IBFD mode, bothRb,I andRa,I must be at leastRth.
In other words,SINRa,I must be greater than a prescribed
thresholdγa,I to achieve a target rate ofRth in the access
link, whereγa,I can be given using (7) as follows:

γa,I = 2Rth − 1. (9)

On the other hand,SIRb,I must be greater than another
prescribed thresholdγb,I to achieve a target rate ofRth in
the backhaul link. Using (8),γb,I can be defined as follows:

γb,I =
min(Ns,S)

M −min(Ns,S) + 1

(

2
Rth
α − 1

)

. (10)

The coverage probabilityCI of an SBS in the IBFD mode is a
function of theSINR at both the access link and the backhaul
link, and theSINR outage probabilityCI is defined as follows:

CI = P(SIRb,I > γb,I) P(SINRa,I > γa,I). (11)

2) Downlink rate coverage of an SBS in OBFD mode:The
rate coverage probability of an SBS in the OBFD mode is
given as

CO = P(SIRb,O > γb,O) P(SINRa,O > γa,O), (12)

where γa,O = 22
Rth
B − 1 from (7). To achieveRth in the

backhaul link,γb,O can be defined from (8) as follows:

γb,O =
min(Ns,S)

M −min(Ns,S) + 1

(

2
2Rth

α − 1
)

. (13)
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3) Downlink rate coverage of a typical user:The overall
rate coverage probability of a typical user depends on the
probability of a given SBS to operate in OBFD or IBFD mode
and can thus be given as

Cu = qCI + (1− q)CO. (14)

B. SINR Model for IBFD Mode

1) Access link:The SINR of a generic user associated with
an SBS in the IBFD mode can be defined as follows:

SINRa,I =
Ps Fs,u r−β

s,u

Is,u + Ic,u +N0
, (15)

wherePs denotes the transmit power of a generic SBS,rs,u
andFs,u denote the distance and the Gamma distributed fading
between a user and its serving SBS, respectively, andN0 is
the thermal noise power. SinceΦs is a stationary PPP, the PDF
of the distancers,u is given by the Rayleigh distribution, i.e.,
frs,u(r) = 2πλsre

−πλsr
2

.
In the IBFD mode, a given user experiences interference

from all SBSs in IBFD mode which receive backhaul data
from their corresponding CN. Thus,Is,u can be modeled as
follows:

Is,u =
∑

x∈Φ̄sI\s

Ps Fx,u r−β
x,u , (16)

whereΦ̄sI denotes the PPP of successfully backhauled SBSs
in IBFD mode with intensitȳλsI and can be given using the
mean load approximation andRemark 2 detailed below.

Mean load approximation: For analytical tractability, we
approximate the number of SBSsNs associated to a given
CN by its average value, i.e.,E[Ns] = λs/λc. As such, the
average number of SBSs in IBFD mode served per CN can
be given byqmin (λs/λc,S).

Remark 2 (Intensity of Interfering SBSs in IBFD Mode).
Given the average number of SBSs in IBFD mode served per
CN, the intensityλ̄sI of the interfering SBSs in IBFD mode
can be defined asqmin (λs/λc,S)λc. The impact of themean
load approximation will be demonstrated through numerical
results in Section VII.

The interference at a user due to backhaul transmissions can
be modeled as follows:

Ic,u =
∑

y∈Φc

Pc r
−β
y,u , (17)

Note that the interference at a user will be received from
all streams of a given CN thus the total interfering power
from a CN isPc and there is no short-term fading factor in
the interference experienced from the CNs due to the channel
hardening effect.

2) Backhaul link: The received SIR on the backhaul link
of a given SBS in IBFD mode is given as:

SIRb,I =
Pc r

−β
c,s

Is,s + Ic,s + ISI
, (18)

where rc,s denotes the distance between the SBS and its
serving CNc. Note that the impact of equal power allocation
per backhaul stream (i.e., the denominator of CN’s transmit

power Pc

min(Ns,S) ) has already been incorporated in the desired
SIR thresholdγb,I (see (2) and (10)). Therefore it is not
considered in (18). SinceΦc is stationary PPP, the PDF of the
distancerc,s between each CN and its designated SBS is given
by the Rayleigh distribution, i.e.,frc,s(r) = 2πλcre

−πλcr
2

.
Since the SI incurred at a given SBS in IBFD mode depends

on its own transmit power, we can define the residual SI power
after performing SI cancellation as follows:

ISI =
Ps

ξ
, (19)

whereξ represents the SI cancellation capability of the SBS.
Note that ξ depends on the nature of the SI cancellation
algorithms. For ease of exposition, we considerξ as a constant
value in this paper.

In the backhaul, a given SBS in the IBFD mode experiences
interference from all other SBSs operating in IBFD mode re-
ceiving their backhaul data from their corresponding CN. Thus
Is,s can be modeled asIs,s =

∑

x∈Φ̄sI
Ps Fx,s r−β

x,s , where
rx,s and Fx,s represent the distance and fast fading channel
between the two SBSs operating in IBFD mode, respectively.
Note thatΦ̄sI is defined byλ̄sI given in Remark 2. Finally,
the interference received at an SBS from neighboring CNs can
be modeled asIc,s =

∑

y∈Φc\c
Pcr

−β
y,s .

C. SINR Model for OBFD SBS

1) Access link:The SINR received at a generic user asso-
ciated to an SBSs operating in OBFD mode can be defined
as follows:

SINRa,O =
Ps Fs,u r−β

s,u

Îs,u +N0

, (20)

where Îs,u is the interference experienced by the user from
all other SBSs operating in OBFD mode which are receiv-
ing their backhaul data from their corresponding CN, i.e.,
Îs,u =

∑

x∈Φ̄sO\s PsFx,ur
−β
x,u . Here Φ̄sO denotes the PPP of

successfully backhauled SBSs in OBFD mode with intensity
λ̄sO and can be obtained by using themean load approxi-
mation as detailed below inRemark 3.

Remark 3 (Intensity of Interfering SBSs in OBFD Mode).
Following similar steps as inRemark 2, the intensityλ̄sO

of the interfering SBSs in OBFD mode can be defined as
(1− q)min (λs/λc,S) λc.

2) Backhaul link:The received SINR on the backhaul link
of an SBS operating in OBFD mode can be modeled as
follows:

SINRb,O =
Pc r

−β
c,s

Is,s + Ic,s
, (21)

whereIs,s can be given asIs,s =
∑

x∈Φ̄sI
Ps Fx,s r−β

x,s and
Ic,s =

∑

y∈Φc\c
Pcr

−β
y,s .

Remark 4 (Backhaul Rate Coverage). SinceNs is a RV in
the desired backhaul link thresholdγb,I, the rate coverage of
a given SBS in the IBFD mode can be calculated as follows:

CI = P(SINRa,I > γa,I)

× ENs

[

P

(

Pc r
−β
c,s

Is,s + Ic,s + ISI
> γb,I

)]

, (22)
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whereNs ≥ 1. The same method is applicable to the rate
coverage of the SBS in OBFD mode.

IV. D OWNLINK RATE COVERAGE ANALYSIS OF

IBFD/OBFD SBSS

In this section, we first derive the Laplace transforms of the
interferences and then the rate coverage at the backhaul and
access links of a generic SBS considering both the IBFD and
OBFD modes with Gamma-distributed fading channel powers
at the access links. The steps of the analytical approach are:

• Considering the IBFD mode, derive the Laplace trans-
forms of the co-tier and cross-tier interferences received
at the user, i.e.,LIs,u (t) andLIc,u (t), respectively.

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

• Considering the IBFD mode, derive the Laplace trans-
forms of the co-tier and cross-tier interferences received
at the SBS, i.e.,LIc,s (t) andLIs,s (t), respectively.

• 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.e.,CI andCO are obtained using
(11) and (12), respectively.

A. Rate Coverage Analysis: Access Links

To derive the rate coverage probability at the access link
of a given SBS operating in IBFD mode, we first derive the
Laplace transforms of the interferencesIs,u and Ic,u in the
following.

Using the definition of the Laplace transform, the Laplace
transform of the interferenceIs,u can be derived as follows:

LIs,u (t) = EIs,u [exp [−tIs,u]] ,

(a)
= EΦ̄sI,{Fx,u}




∏

x∈Φ̄sI\s

exp
[
−tPs r

−β
x,u Fx,u

]



 ,

(b)
= EΦ̄sI




∏

x∈Φ̄sI\s

(1 + tPs r
−β
x,u θFx,u)

−kFx,u



 ,

(c)
= exp



−2πλ̄sI

∫ ∞

rs,u



1− 1

(1 +
tPs θFx,u

rβx,u
)kFx,u



 rx,udrx,u



 ,

(d)
= e

−πλ̄sIr
2
s,u

(

2F1

[

kFx,u ,−
2
β ,1− 2

β ,−
tPs θFx,u

r
β
s,u

]

−1

)

, (23)

where (a) follows from the independence of the interfering
links, (b) follows from the definition of MGF of a Gamma
RV, (c) follows the probability generating functional (PGFL)
of PPP, and (d) follows from solving the integral by making
substitutionz = (rs,u/rx,u)

β and performing algebraic ma-
nipulations.

Similarly, following (23), the Laplace transform ofIc,u can

be expressed as follows:

LIc,u (t) = EΦc




∏

y∈Φc

exp
[
−tPcr

−β
y,u

]



 ,

(a)
= exp

[

−2πλc

∫ ∞

0

(
1− exp

[
−tPcr

−β
y,u

])
ry,udry,u

]

,

(b)
= exp

[

−πλc(tPc)
2
β Γ

(

1− 2

β

)]

, (24)

where (a) follows from the PGFL of a PPP and (b) follows
from solving the integral in (a). Note that the integral in (24)
has a lower limit of zero as the nearest CN of a user can be
arbitrarily close to the user.

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

Lemma 1 (Access Link Rate Coverage of an SBS in IBFD
Mode: Gamma Fading Channels). The coverage probability
at the access link of an IBFD SBS can be derived in Gamma
fading channels as

P(SINRa,I > γa,I) = P








Ps Fs,u r−β
s,u

Is,u + Ic,u
︸ ︷︷ ︸

Iagg

+N0
> γa,I








,

= 2πλs

∫ ∞

0

FIagg

(

Ps Fs,u

γa,Ir
β
s,u

−N0

)

rs,ue
−πλsrs,u

2

drs,u.

(25)

Since fading in the desired channel follows a Gamma distri-
bution, we resort to apply the Gil-Pelaez inversion theorem
to evaluate the rate coverage probability. The CDF of the
aggregate interferenceFIagg (·) can be derived as detailed
below:

FIagg

(

Ps Fs,u

rβs,uγa,I
−N0

)

(a)
=

1

2
− 1

π

∫ ∞

0

Im



LIagg (−jw) e
−jw

(

Ps Fs,u

r
β
s,uγa,I

−N0

)


dw
w

,

(b)
=

1

2
− 1

π

∫ ∞

0

Im
[
LIc,u (−jw)LIs,u (−jw)

×LFs,u

(

j
Psw

rβs,uγa,I

)

ejwN0

]

dw
w

, (26)

whereIm(·) represents the imaginary part of the argument.
Using (25), (a) follows from the application of the Gil-Pelaez
inversion theorem and (b) follows from the independence
of Is,u and Ic,u and applying the definition of the Laplace
transform ofFs,u whereLFs,u(jw) can be given as follows:

LFs,u

(

j
Psw

rβs,uγa,I

)

=

(

1 + j
Psw

rβs,uγa,I
θFs,u

)−kFs,u

. (27)

Remark 5 (Access Link Rate Coverage of an SBS in
OBFD Mode). Similar to the IBFD mode in (23), the
Laplace transform ofÎs,u can be obtained asLÎs,u

(t) =
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EΦ̄sO

[
∏

x∈Φ̄sO\s(1 + tPs r
−β
x,u θFx,u)

−kFx,u

]

. A closed-form

expression can be given by replacingλ̄sI in (23) with λ̄sO.
Consequently, the rate coverage at the access link of an SBS
in OBFD mode can be derived by replacingγa,I with γa,O
andFIagg with FÎs,u

in Lemma 1 mentioned above.

B. Rate Coverage Analysis: Backhaul Links

Now we derive the Laplace transforms of the interferences
in the backhaul link of a given SBS operating in IBFD mode,
i.e.,Is,s andIc,s. The Laplace transform ofIs,s can be obtained
as LIs,s (t) = EΦ̄sI

[∏

x∈Φ̄sI
(1 + tPs r

−β
x,s θFx,s)

−kFx,s
]
. A

closed-form expression can then be given simplifying the
result in Eq. (23)(d) forrs,u → 0 as follows:

LIs,s (t)= lim
rs,u→0

e
−πλ̄sIr

2
s,u 2F1

[

kFx,u ,−
2
β ,1− 2

β ,−
tPs θFx,u

r
β
s,u

]

,

(a)
= lim

rs,u→0
e

−πλ̄sI

2F1






1− 2

β
−kFx,u

,− 2
β

,1− 2
β

,
tPs θFx,u

r
β
s,u+tPs θFx,u







(rβs,u+tPs θFx,u)
− 2

β

,

=exp



−πλ̄sI

2F1

[

1− 2
β − kFx,u ,− 2

β , 1− 2
β , 1
]

(
tPs θFx,u

)− 2
β



 ,

(b)
= exp



−πλ̄sI




2B
[

kFx,s +
2
β ,− 2

β

]

β(tPs θFx,s)
− 2

β







 , (28)

where (a) follows from Pfaff identity, i.e.,

2F1(a, b, c, z) = (1− z)−b
2F1

[

c− a, b, c,
z

z − 1

]

,

and (b) follows from the definition of Gauss’s Hypergeometric
function, i.e.,

2F1(a, b, c, z) =
Γ(c)Γ(c− a− b)

Γ(c− a)Γ(c− b)
,

and applying the definition of Beta function.
The Laplace transform ofIc,s can be derived by following

the steps in (24) as follows:

LIc,s (t) = exp

[

−2πλc

∫ ∞

rc,s

(
1− exp

[
−tPcr

−β
y,s

])
ry,sdry,s

]

,

= exp



−πλc





Γ
(

1− 2
β

)

+ 2
βΓu

(

− 2
β ,

tPc

rβc,s

)

(tPc)
− 2

β

− r2c,s







.

(29)

We apply Gil-Pelaez inversion theorem to evaluate the rate
coverage probability for an SBS in the backhaul link as shown
below.

Lemma 2 (Backhaul Link Rate Coverage of an SBS in
IBFD Mode). With Gamma-distributed interfering links, the
coverage probability of the backhaul link of an SBS in IBFD
mode can be derived as follows:

P(SIRb,I > γb,I)

= 2πλc

∫ ∞

0

FIagg

(

Pc

γb,Ir
β
c,s

− ISI

)

rc,se
−πλcrc,s

2

drc,s,

whereFIagg (·) can be derived as

FIagg

(

Pc

γb,Ir
β
c,s

− ISI

)

=
1

2
− 1

π

∫ ∞

0

Im







LIc,s (−jw)LIs,s (−jw)

e
jw

(

Pc

γb,Ir
β
c,s

−ISI

)







dw
w

. (30)

Remark 6 (Backhaul Link Rate Coverage for an SBS
in OBFD Mode). Similar to the IBFD mode, the Laplace
transform ofIs,s and Ic,s in OBFD mode can be given as in
(28) and (29), respectively. The received SIR at the backhaul
link of an SBS operating in OBFD mode (i.e.,SIRb,O) is thus
similar to that of an SBS operating in the IBFD mode in (18).
Hence, (30) can be used for the OBFD case after replacing
γb,I with γb,O and substitutingISI = 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 theac-
cess links. Moreover, we exploit an approximation of the
Gauss’s hypergeometric function to further simplify the rate
coverage expressions in the access link. Based on the simpli-
fied expressions and considering ideal backhaul rate coverage,
we derive closed-form expressions for (i) the value ofq that
maximizes the rate coverage probability of a typical user;
(ii) the value ofq at which the the rate coverage probability
of all SBSs operating in IBFD and OBFD mode in a small
cell network can be balanced.

A. Simplified Rate Coverage for Rayleigh Fading

The simplified rate coverage probability expressions in the
access link of an IBFD SBS can be derived in closed-form
for a typical Rayleigh fading interference-limited scenario as
described in the following.

Lemma 3 (Access Link Rate Coverage for an SBS in IBFD
Mode in Rayleigh Fading Channels). For Rayleigh fading
channels, i.e.,Fs,u ∼ Gamma(1, θFs,u) and interference-
limited regime, the rate coverage probability experiencedat
the access link of an IBFD SBS can be simplified as follows:

P(SIRa,I > γa,I)
(a)
= E

[

exp

(

−γa,Ir
β
s,u

PsθFs,u

(Ic,u + Is,u)

)]

,

(b)
=

∫ ∞

0

LIs,u

(

γa,Ir
β
s,u

PsθFs,u

)

LIc,u

(

γa,Ir
β
s,u

PsθFs,u

)

frs,u(rs,u)drs,u,

(c)
=

λs

λ̄SI( 2F1

[

1,− 2
β , 1− 2

β ,−γa,I

]

− 1) + λs +A
, (31)

whereA = Γ
(

1− 2
β

)

λc

(
γa,IPc

PsθFs,u

) 2
β

and is independent ofq.
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Note that (a) follows from the CDF of the exponential
distribution with average powerθFs,u , (b) follows from the
definition of Laplace transform and the independence ofIc,u
andIs,u, and (c) follows from substituting (23) and (24) and
evaluating the integral.

The backhaul rate coverage expressions can also be simpli-
fied for Rayleigh fading channels due to the simplification of
Beta function inLIs,s(t) as follows:

LIs,s (t) = exp

[

−
2π2λ̄SIcsc(

2π
β )

(tPs θFx,s)
− 2

β β

]

. (32)

B. Approximate Rate Coverage for Gamma/Rayleigh Fading

From [24, 13, Ch. 5, Eq. (2)], we have

2F1

[

− 2
β , k, 1− 2

β , jx
]

≈ 1− j2xk
β−2 . With this approximation,

the rate coverage expressions in the access link can be further
simplified for both Gamma and Rayleigh fading channels.
The Rayleigh fading case is detailed below.

Corollary 1 (Approximate Access Link Rate Coverage for an
SBS in IBFD/OBFD Mode Under Rayleigh Fading Channels).
With the aforementioned approximation, the rate coverage
probability experienced at the access link of an SBS in IBFD
mode can be simplified as follows:

P(SIRa,I > γa,I)≈
λs

λ̄SI
2

β−2γa,I + λs + Γ
(

1− 2
β

)

λc(
γa,IPc

PsθFs,u
)

2
β

.

(33)

Similarly, the approximate access link rate coverage expres-
sion for OBFD mode can be derived as follows:

P(SIRa,O > γa,O)≈
λs

λ̄SO
2

β−2γa,O + λs

. (34)

In the interference-limited regime and perfect backhaul
coverage, it can be observed that the rate coverage in the access
link of an SBS in IBFD mode is vulnerable to both the transmit
powers and intensities of CNs and SBSs. On the other hand,
the rate coverage of an SBS in OBFD mode is independent
of the transmit powers of CNs or SBSs. Furthermore, if the
average load per CN is less thanS, the rate coverage of an
SBS in OBFD mode becomes independent of the intensities of
CNs or SBSs. This can be verified by substituting the value of
λ̄SO in Corollary 1 . These observations become more evident
whenM → ∞ and in turnγb,I, γb,O → 0.

C. Perfect Backhaul Coverage: Large Values ofM

The ideal backhaul rate coverage can be realized when the
ratio M

min(Ns,S) becomes very large, i.e.,γb,I andγb,O become
very small as can be observed from (10). In such a case, we
can customize the value ofq in closed-form such that either the
user’s rate coverage is maximized (i.e.,q∗) or the rate coverage
of all SBSs in the network (in IBFD or OBFD mode) becomes
balanced (i.e.,qbalance).

The optimization of rate coverage leads to optimized net-
work performance when each SBS can adaptively serve its
associated user in both the IBFD and OBFD modes. That is,
each SBS can set the optimal proportionq∗ to switch between

IBFD and OBFD modes. Nonetheless, all SBSs may not have
the capability to adaptively switch into different modes or
some BSs can only operate in OBFD mode (could be due
to unavailability of advanced SI cancellation circuitry orany
other implementation issues). In such a case, a user connected
to an IBFD SBS will experience significantly different rate
coverage probability from a user connected to an OBFD SBS
depending on the proportion of IBFD and OBFD SBSs in
the network. Consequently, it will be important to set the
proportion of IBFD SBSs in the network such that they do not
hurt the rate coverage probability of users associated to OBFD
SBSs. The proportion which balances the rate coverage in all
IBFD and OBFD SBSsqbalance can be decided in advance so
that each user can experience the same rate coverage.

In the following, we derive both theq∗ and qbalance in
closed-form.

Corollary 2 (Balanced Rate Coverage with Perfect Back-
haul Rate Coverage). In order to balance the rate cov-
erage among all IBFD and OBFD SBSs in the net-
work, we equateP(SIRa,O > γa,O) and P(SIRa,I >

γa,I) that leads to λ̄SO 2F1

[

1,− 2
β , 1− 2

β ,−γa,O

]

−
λ̄SI 2F1

[

1,− 2
β , 1− 2

β ,−γa,I

]

= A+ λ̄SO − λ̄SI. Substituting

the expressions of̄λSI andλ̄SO from Remark 2 andRemark 3
we can deriveq as follows:

qbalance =
2F1[1,− 2

β ,1− 2
β ,−γa,O]−1− A

λcmin(λs/λc,S)

2F1[1,− 2
β ,1− 2

β ,−γa,O]+ 2F1[1,− 2
β ,1− 2

β ,−γa,I]−2
.

(35)

Also, in this case, the access link rate coverage of a typical
user defined asCu = qP(SIRa,I > γa,I) + (1− q)P(SIRa,O >
γa,O) can be optimized with respect toq. However, the
presence of 2F1(·) in the expression makes it difficult to
obtain direct insights. As such, we approximate2F1(·) as
in Corollary 1 . In the following, we derive a more simplified
closed-form expression ofqbalance.

Corollary 3 (Approximate Balanced Rate Coverage with
Perfect Backhaul Rate Coverage). In order to balance the
rate coverage in IBFD as well as OBFD mode, we equate
P(SIRa,O > γa,O) andP(SIRa,I > γa,I).

Substituting the expressions ofλ̄SI andλ̄SO from Remark 2
and Remark 3 we can deriveq as follows:

qbalance =
γa,O − A(β−2)

2λcmin(λs/λc,S)

γa,I + γa,O
. (36)

Note that qbalance is inversely proportional toA and in
turn the transmission powers of CNs and SBSs, i.e.,Pc

Ps
.

Moreover, when the average load per CN is less than theS,
qbalance becomes inversely proportional to the factorλs

λc
. That

is, increasing the intensity/power of SBSs requires an increase
in the fraction of SBSs operating in IBFD mode to maintain
a fair rate coverage at all SBSs in a small cell network.

Similarly, the rate coverage of a typical user in the access
link can be optimized with respect toq as detailed below.

Corollary 4 (Optimal Rate Coverage of a Typical User with
Perfect Backhaul Rate Coverage). Assuming perfect backhaul
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coverage, using the relationCu = qCI + (1 − q)CO for rate
coverage and substitutingCI and CO from eq. (31) and eq.
(32) yields

Cu =
qλs

λ̄SI
2

β−2γa,I + λs +A
+

(1− q)λs

λ̄SO
2

β−2γa,O + λs

(37)

Since λ̄SI = q × min(λs/λc,S)λc and λ̄SO = (1 − q) ×
min(λs/λc,S)λc, we can write

Cu =
qλs

qcγa,I + λs +A
+

(1− q)λs

(1− q)cγa,O + λs
, (38)

where c = 2λc×min(λs/λc,S)
β−2 . Now differentiating each term

with respect toq yields

dCu
dq

= λs

(
A+ λs

(A+ cqγa,I + λs)2
− λs

(cγa,O(1 − q) + λs)2

)

.

(39)
An optimumq for a typical user can then be given as follows:

q∗ =
(A+λs)(c

2γ2
a,O+d)±(c(A+cγa,I)γa,O+d)

√
λs(A+λs)

c2(−γ2
a,Iλs+γ2

a,O(A+λs))
, (40)

whered = c(γa,I+γa,O)λs. Note that(A+λs)(c
2γ2

a,O+d) >
c2(−γ2

a,Iλs + γ2
a,O(A+ λs)) and 0 ≤ q ≤ 1, thus the root

with a negative sign is feasible only.

By replacing c = λc ×min(λs/λc,S), γa,I =

2F1[1,− 2
β , 1 − 2

β ,−γa,I] − 1, and γa,O = 2F1[1,− 2
β , 1 −

2
β ,−γa,O]− 1, (40) can be used to obtainq∗ without approx-
imation.

VI. BACKHAUL INTERFERENCEM ITIGATION TECHNIQUES

Since the backhaul interference incurred at a user terminal
appears to be a fundamental bottleneck in the performance
of in-band wireless backhauling, some kind of coordination
between CNs and SBSs is crucial to achieve the performance
gains of IBFD over OBFD mode. In this context, this section
first discusses a distributed backhaul aware mode selection
mechanism which provides some further insights into selecting
the proportion of in-band and out-of-band SBSs (q) as a
function of network parameters. We then discuss two solution
techniques that can potentially enhance the performance of
in-band wireless backhauling, namely, Backhaul Interference-
Aware (BIA) power control at CNs and Interference Rejection
(IR) from the CN the serving SBS of the typical user is
associated with. Since the locations of the BSs are relatively
fixed, the aforementioned backhaul interference management
techniques can be easily implemented in practice.

A. Distributed Backhaul-Aware IBFD/OBFD Mode Selection

Based on the received power at a certain user from both
the nearest CN and its serving SBS, the serving SBS inde-
pendently chooses its mode, i.e., IBFD or OBFD mode. In
practice, this mode selection can also be performed by the
user as the interference estimation could be much easier at
the user’s end in the downlink. The user can then inform its
designated SBS about the feasible mode of operation.

Specifically, the SBS chooses the IBFD mode if the received
signal power from that SBS at the user is sufficiently higher

than the power received from the strongest interfering CN.
In such a case, using more radio resources by switching to
the OBFD mode is not necessary. On the other hand, if the
signal power at the user from the strongest interfering CN
is comparable or higher than the useful signal power received
from its serving SBS, the OBFD mode of operation is selected.
The mode selection criterion can be written mathematicallyas:







Psr
−β
s0,u

Pcr
−β
c0,u

≥ τ, IBFD mode

Psr
−β
s0,u

Pcr
−β
c0,u

< τ, OBFD mode
(41)

whereτ is a threshold that can be different for each user and
can be chosen as a function of the target rate requirement of
that user,rs0,u is the distance from the user to its serving SBS
andrc0,u is the distance from the same user to its closest CN.
Given the mode selection criterion, the expression forq can
be derived for path-loss only environment as follows:

q = Ers0,u

[

P

[

rc0,u >

(
τPc

Ps

) 1
β

rs0,u

]]

,

(a)
=

∫ ∞

0

exp

[

−πλc

(
τPc

Ps

) 2
β

r2

]

· 2πλsr exp
[
−πλsr

2
]

dr,

=

(

1 +
λc

λs

(

τ
Pc

Ps

) 2
β

)−1

, (42)

where (a) follows by using the distribution of distance to the
nearest point in a PPP. Note that,τ is a design parameter
which plays a key role in controlling the trade-off between
the rate coverage and the backhaul interference. Intuitively, in
case when the backhaul interference from the nearest CN is
more dominant,τ can be comparable toγa,I or γa,O. However,
in the other caseτ should be selected sufficiently higher than
γa,I or γa,O to consider the impact of additional co-tier and
cross-tier interferences.

As has been mentioned in previous sections, for a given
set of network parameters, a network designer can deter-
mine the optimized value ofq given the statistical knowl-
edge/distributions of the intensity and locations of the CNs,
SBSs, users, and channel gains among them. The optimal value
of q can then be broadcast to all SBSs in the system. However,
a given SBS can also decide the mode in a distributed manner
(e.g., by using (42)). Nonetheless, since the decisions of a
SBS are dependent only on the statistics of its users’ channels
and the incurred backhaul interference, the distributed mode
selection can lead to performance degradation (especiallyif
the thresholdτ is not optimized). This will be demonstrated
via numerical results in Section VII.

B. Interference Rejection

For massive MIMO systems, backhaul interference at a
given user from the CN its SBS is associated with can be
completely rejected. This can be done by designing precoders
assuming full knowledge of the channel state information
(CSI) between that CN and all users within its coverage [16].
For example, ifHc,u is the 1 × M channel vector between
the CN and a given useru, the interference atu from that CN
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can be canceled (or rejected) by multiplying the transmit signal
(i.e., beamforming) from the CN by the matrixR(Hc,s ·R)†

whereHc,s is the channel vector between the serving SBS of
u and its serving CN,(·)† denotes the pseudo inverse, andR

is calculated to satisfy the conditionHc,u · R = 0. In this
case, the channel gain between this CN and the user served by
its associated SBS isHc,uR(Hc,s ·R)† = 0(Hc,s ·R)† = 0.
Note that, the number of antennaM needs to be greater than
or equal to2 × min(Ns,S) (i.e., the total number of SBS
and the associated users under the assumption that one user is
served per SBS at a time). As such, the interference in (17)
reduces to the following:

Ic,u =
∑

y∈Φc

Pcr
−β
y,u =

∑

y∈Φc\c

Pc r
−β
y,u. (43)

Hence, using (29), the Laplace transform of the backhaul
interference can be given as follows:

LIc,u (t) = LIc,s (t) |rc,s=rc,u . (44)

C. Backhaul Interference-Aware (BIA) Power Control at CNs

BIA power control scheme requires the following informa-
tion at a given CNc, i.e.,

• the cumulative interference at a given IBFD SBSs
associated with that CNc (Iagg = Ic,s + Is,s + ISI),

• the desired link between CNc and the IBFD SBSs, and
• the desired target SIR of the backhaul linkγb,I.

Based on these informations, a given CN reduces its power to
a given IBFD SBS from Pc

min(Ns,S) to a level that can strictly
ensureγb,I. Otherwise, the CN continues to transmit with
power Pc

min(Ns,S) . This power reduction can potentially reduce
the cross-tier interference experienced at a user associated with
IBFD SBSs. Mathematically, the power level of a CN can then
be defined as follows:

P s
cn = min

(

Pc

min(Ns,S)
,
γb,IIagg

r−β
c,s Sc,s

)

. (45)

However, since the factormin(Ns,S) is already considered
in the definition ofγb,I (see (2) and (10)), thus we can write:

P s
cn = min

(

Pc,
γb,IIagg

r−β
c,s Sc,s

)

. (46)

In practice, the aforementioned CSI is most likely available
at all SBSs and thus the calculation of the desired power from
CN, i.e., γb,IIagg

r−β
c,s Sc,s

can be performed by SBS and then forwarded
to CN. Based on the load of associated SBSs per CN, the CN
can decide the transmit power level. Note that the gains of
BIA power control scheme are expected to be more evident
in the following scenarios:

• reduced number of SBSs per CN,
• low values ofγb,I, and
• high total transmit powerPc of a given CN.

In the above scenarios, equal transmit power allocation per
backhaul stream at CN results in unnecessarily high transmis-
sion power. As such, the significance of applying the adaptive
power control at a CN per IBFD stream is evident.

VII. N UMERICAL AND SIMULATION RESULTS

In this section, we validate the accuracy of the derived ex-
pressions. The downlink coverage probability of a typical user
and an SBS in both IBFD and OBFD modes is investigated
in terms of the density of SBSs, the SI value of the IBFD
SBSs, and the transmit power of the CN. Performance trade-
offs are characterized and insights are extracted related to the
feasibility and selection of in-band or out-of-band backhaul
modes for FD small cells.

For our simulation results, we consider the path-loss expo-
nentβ = 4 and the intensity of CNs asλ′

c = 10. Note that the
simulations consider the shadowing phenomenon explicitly. As
such, the used intensities for CNs and SBSs are the intensities
(i.e., λ′

c and λ′
s) defined prior to using the displacement

theorem inRemark 1. The total transmit power available
at each CN and SBS is taken asPc = 10W andPs = 2W,
respectively. The number of available antennas at each CN is
M = 500 and the number of supported backhaul streams per
CN isS = 50. The total desired rate is set asRth = 1 bps/Hz.
The SI cancellation valueξ is set to 120 dB. Log-Normal
shadowing channel for the desired and interfering access links
are modeled with parametersµ = 1 andσ = 2. The Gamma-
distributed fading channel powers experienced at the SBS and
at the user are modeled with shape parametersk = 0.5 and
k = 2, respectively, with the average channel fading power
kθ = 1. The values of the above-mentioned parameters remain
the same unless stated otherwise.

In the Monte-Carlo simulations, the SBSs, CNs, and users
are generated randomly in a circular cellular region in each
iteration. Their numbers follow a Poisson distribution while
their locations are randomly distributed in the cellular region
following a uniform distribution. In each iteration, basedon
the randomly generated channel gains (composed of distance-
based path-loss, shadowing, and fading) of access and back-
haul links, different kind of interferences and in turn the
attained SINR at the access and backhaul links is calculated.
Since we assume perfect channel estimation and zero-forcing
beamforming, the impact of pilot-contamination and intra-cell
interference is ignored in the simulations. Moreover, in case
of interference rejection, we ignore the backhaul interference
from the CN the SBS of a typical user is associated with.

A. Rate Coverage vs. Fraction of SBSs in IBFD/OBFD Mode

Fig. 2 depicts the rate coverage probability of both the SBSs
operating in the IBFD mode and that are operating in the
OBFD mode as a function of their corresponding fractions
(i.e., qλ′

s and(1− q)λ′
s, respectively). Simulation results vali-

date the accuracy of the derived expressions and demonstrate
that the impact of the considered mean load approximation
(i.e., E[Ns] = λ′

s/λ
′
c) on the gap between the simulation and

analytical results is negligible. Note that the rate coverage
of both kinds of SBSs (i.e., operating in IBFD and OBFD
modes) tends to degrade with the increase in the corresponding
proportion (i.e.,q and 1 − q, respectively). This is due to
the increased co-tier interference at their correspondingaccess
links as the intensity of the interfering SBSs increases. This
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Fig. 2: Rate coverage probability of SBSs operating in IBFD mode and OBFD mode as well as a typical user in the downlink
as a function of the proportion of IBFD SBSs considering two different intensities of SBSs (forλ′

c = 10): (a) λ′
s = 50 and

(b) λ′
s = 100.

trend remains valid for any intensity of SBSs as can be seen for
bothλ′

s = 50 andλ′
s = 100 in Fig. 2(a) and (b), respectively.

Fig. 2 also shows the higher rate coverage of SBSs in
IBFD mode when the intensity of SBSs (i.e.,λ′

s) is high. For
example, atλ′

s = 100, 10% of IBFD SBSs in the network
experience a much higher (70%) rate coverage compared to the
case whenλ′

s = 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 access
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
vulnerable to the interference caused by 90% of IBFD SBSs.
In particular, due to the co-tier interference from the large
proportion of IBFD SBSs, the OBFD SBSs may not enhance
their rate coverage significantly even for low proportion of
OBFD SBSs in the network.

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 value ofq can be selected that enhances
either the overall rate coverage of a typical user or ensures
a fair rate coverage at all SBSs in the network. For instance,
whenλ′

s = 100, a proportion of 70%-30% IBFD-OBFD SBSs
in the network achieves a balanced rate coverage. On the other
hand, whenλ′

s = 50, a proportion of 45%-55% IBFD-OBFD
SBSs achieves a balanced rate coverage.

Finally, Fig. 3 demonstrate the accuracy ofq∗ derived in
Eq. (38) for the case of perfect backhaul coverage. The derived
value of q∗ closely matches the optimal value ofq obtained
through simulations.

B. Rate Coverage vs. Intensity of SBSs

Fig. 4 shows the downlink rate coverage of an IBFD and
an OBFD SBS as a function of the intensity of SBSs in
the network. In general, it can be seen that, for a givenq,
an increasing number of SBSs reduces the rate coverage of
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Fig. 3: With perfect backhaul coverage, the rate coverage
probability of a typical user in the downlink as a function
of q, λ′

c = 10.

OBFD SBSs. This behavior is evident from the increasing co-
tier interference at the access and backhaul links of OBFD
SBSs. Although a CN cannot support more thanS SBSs, the
co-tier interference can continue to increase even whenNs

becomes greater thanS since the distance ofS selected SBSs
can continue to reduce with the increase inλ′

s.
In contrast to OBFD SBSs, the rate coverage of an IBFD

SBS is observed to increase first up to some point and then
decrease asλ′

s increases. That is, for a given proportionq
of IBFD SBSs, the number of SBSs in the network can
be optimized to enhance the rate coverage of IBFD SBSs.
An increase in the rate coverage is observed first due to
relatively small backhaul interference incurred at a typical
user. However, after a certain point, the backhaul interference
becomes more significant and the rate coverage starts to
decrease.

The trends remain same for different intensities of CNs.
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Fig. 4: Rate coverage probability of SBSs operating in IBFD mode and OBFD mode as well as a typical user in the downlink
as a function of the intensity of SBSs considering two different intensities of CNs (forq = 0.5): (a) λ′

c = 10 and (b)λ′
c = 20.

However, it can be observed from Fig. 4(b) that a high intensity
of CNs is preferable for OBFD mode due to the possibility
of strong backhaul links. On the other hand, an increased
intensity of CNs yields a higher backhaul interference in IBFD
mode. Consequently, asλ′

c increases, the optimal intensity of
SBSs for IBFD mode also increases. It can thus be concluded
that a high intensity of SBSs and CNs favors the IBFD mode
and the OBFD mode, respectively.

C. Impact of SI Cancellation

Fig. 5 depicts the impact of increasing the SI cancellation
on the performance of SBSs in IBFD mode. As expected, an
increase in the SI cancellation increases the rate coverageof
SBSs in IBFD mode whereas the performance of the SBSs in
OBFD mode remains unchanged. For low intensities of SBSs
in the network, a higher SI cancellation value may be required
to achieve the rate coverage gains of IBFD over OBFD mode.
This is because the weak access links (due to sparse and thus
far-away SBSs) require high transmit power and consequently
high SI cancellation is required at the SBSs to achieve high
rate coverage. As such, in scenarios with lowλ′

s, it may not
be possible to achieve the gains of IBFD over OBFD mode as
is also evident from Fig. 2 and Fig. 4. The OBFD-only mode
will thus be the right-choice in such scenarios.

D. Distributed Mode Selection

Fig. 6 illustrates the impact of distributed mode selection
on the rate coverage of a typical user. For comparison, we
considerq∗ = 0.5 which is the optimal proportion of IBFD
and OBFD SBSs whenλ′

c = 10 and λ′
s = 50 as shown in

Fig. 2(a). It can be clearly observed that the optimal value of
τ is 10 for λ′

s = 50. With this value, the distributed mode
selection achieves near optimal performance atλ′

s = 50 and
other low values ofλ′

s. However, the threshold valueτ = 10
does not work optimally for higher values ofλ′

s. The value
of τ will therefore need to be optimized for different network
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Fig. 5: Rate coverage probability of SBSs operating in IBFD
mode and OBFD mode as well as a typical user in the
downlink as a function of the SI cancellation value considering
two different intensities of SBSs in the network (forq = 0.5,
λ′
c = 10): (a) λ′

s = 50 and (b)λ′
s = 100.

parameters. Fig. 7 depicts the value ofq derived in (40) as
a function of CN’s transmit power and the intensity of SBSs.
Simulations results validate the accuracy of the expression. It
can be observed that the higher transmit power of CNs lead to
higher backhaul interference therefore the proportion of IBFD
mode, i.e.,q tends to reduce with increase inPc. However,
the higher intensities of SBSs favor IBFD mode relatively
more compared to OBFD mode as is also depicted in Fig. 3.
Therefore, the value ofq increases for higher values ofλ′

s.
These insights can also be depicted directly from (40).

E. Backhaul Interference Mitigation

Fig. 8 depicts the rate coverage of a typical user with
interference mitigation schemes (i.e., interference rejection
and BIA power control) considering different values of the
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Fig. 6: Rate coverage probability of a typical user in the
downlink with distributed mode selection (forq∗ = 0.5,
λ′
c = 20).
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as a function ofPc andλ′
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CN’s transmit power. As the available transmit power per CN
increases, the gains of interference mitigation schemes become
more evident. This is due to the fact that high transmit power
leads to high backhaul interference, and therefore, the benefit
of interference mitigation becomes more evident. It can also
be observed that if the BIA power control scheme is applied
only to the designated CN which is associated with the SBS of
the typical user, significant gains can be achieved. In fact,for
low intensity of SBSs, the rate coverage becomes similar to
that due to the interference rejection scheme. This is because
the impact of backhaul interference from neighboring CNs
is relatively low compared to the designated CN. However,
for high intensity of SBSs, the gains are negligible due to
the significant backhaul interference from neighboring CNs.
Finally, it is observed that once the power control is applied
by all CNs for their corresponding SBSs, the rate coverage ofa
typical user enhances significantly. The reason is the reduction
in cross-tier interference from all neighboring CNs.

Fig. 9 quantifies the gain of implementing interference
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Fig. 8: Rate coverage probability of a typical user with
interference mitigation schemes implemented at IBFD SBSs
considering two different CN’s transmit power (forq = 0.5,
λ′
c = 20).
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Fig. 9: Rate coverage probability of a typical user with
interference mitigation schemes implemented at IBFD SBSs
as a function of the proportion of IBFD and OBFD SBSsq.

mitigation schemes at IBFD SBSs as a function ofq. As
expected, the higher the fraction of IBFD SBSs, the gains
of interference mitigation become more evident. Also, the
optimal value ofq increases with interference mitigation due
to the enhancement in IBFD mode.

F. Extensions to Include the Impact of Pilot Contamination

In order to include the impact of pilot contamination, we
need to consider additional interference at the backhaul ofall
SBSs. The interference due to pilot contamination is received
from those CNs that are reusing the same pilot sequences. The
interfering CNs follow a thinned PPP ofΦc and the intensity
Φc can be given as mentioned below.

Assume that a set ofS orthogonal pilot sequences is reused
at each CN. In case where the number of associated SBSs
at a given CN is less than the number of supported streams,
i.e., Ns < S, the probability of the use of a pilot sequence
at that CN and in turn receiving interference from that CN is

14



Ns

S . Otherwise, all the pilot sequences will be reused at that
CN; thus the probability of receiving interference from that
CN is unity. The probability of receiving interference from
a CN can thus be given asP(Ns ≥ S) + Ns

S P(Ns < S).
Consequently, the PPP of interfering CNsΦ̄c with intensity
λ̄c can be obtained by thinning the PPPΦc, i.e., λ̄c =
λc

(
P(Ns ≥ S) + Ns

S P(Ns < S)
)
. Since the PMF ofNs is

given by (3),λ̄c can be given as follows:

λ̄c = λc

(

1−
S∑

n=0

P(Ns = n) +

S∑

n=0

n

S P(Ns = n)

)

,

= λc

(

1−
S∑

n=0

(

1− n

S
)

P(Ns = n)

)

. (47)

Consequently, the interference due to pilot contaminationat
IBFD and OBFD SBSs can be modeled as follows: [25,
Appendix A]:

IPC =
∑

y∈Φ̄c\c

M −min(Ns,S) + 1

min(Ns,S)
Pcr

−β
y,s . (48)

The Laplace transform ofIPC and in turn the rate coverage
probability analysis can be conducted using tools similar to
those used in Section IV.

G. Random Scheduling at a Given SBS

For a typical random/round-robin scheduling, our frame-
work can be extended by defining the channel access proba-
bility of users attached to a given SBS. The distribution of the
number of users per SBSNu can be given using Eq. (3) by
replacingNs with Nu andE[Nu] = λu/λs. Conditioned on
Nu, the channel access probability can be calculated as1/Nu

since each user has equal probability to access the channel.
The achievable rate of a given user can then be derived by
multiplying the normalized rate in Eq. (7) with1/Nu followed
by an averaging overNu.

VIII. C ONCLUSION

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 out-
of-band FD backhaul mode. The feature of massive MIMO
at CNs and shared-antenna based full-duplexing at SBSs can
enable the use of the proposed framework in existing LTE-A
standards. Downlink coverage probability has been derivedfor
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 SI cancellation
value is crucial in obtaining a high rate coverage. Few remedial
solutions for backhaul interference management have been
presented. The framework can be extended to include multiple
antennas at SBSs, to consider the possibility of serving users
through CNs, i.e., depending on the coverage requirements
a user can opportunistically switch between SBSs and CNs.
Further extensions to this work could include the effect of
opportunistic scheduling on the rate coverage probability.
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