IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received August 15, 2020, accepted August 28, 2020, date of publication September 8, 2020, date of current version September 22, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3022725

An Analysis on Wireless Edge Caching in In-Band
Full-Duplex FR2-IAB Networks

TONG ZHANG!', SUDIP BISWAS 2, (Miember, IEEE), AND
THARMALINGAM RATNARAJAH 1, (Senior Member, IEEE)

!'School of Engineering, Institute for Digital Communications, The University of Edinburgh, Edinburgh EH8 9YL, U.K.
2Department of Electronics and Communications Engineering, Indian Institute of Information Technology Guwahati, Guwahati 781015, India

Corresponding author: Sudip Biswas (sudip.biswas @ieee.org)

The work of Tong Zhang and Tharmalingam Ratnarajah was supported in part by the U.K. Engineering and Physical Sciences Research
Council (EPSRC) under Grant EP/P009549/1, in part by the U.K.-India Education and Research Initiative Thematic Partnerships under
Grant DST UKIERI-2016-17-0060, and in part by the SPARC Project 148. The work of Sudip Biswas was supported by Indian Institute of
Information Technology (IIIT) Guwahati through TEQUIP-III of Govt. of India.

ABSTRACT This article develops a 3GPP inspired analytical framework for cache-enabled in-band
full-duplex (IBFD) integrated access and backhaul (IAB) heterogeneous network in the FR2 (millimeter
wave) band. In particular, by assuming wide-band FR2 channel model, we analyze the performance of
cache-enabled IAB nodes that serve multiple users in access in IBFD mode through hybrid beamforming
architectures. Since, IBFD transmission is considered, the IAB nodes are able to retrieve any non-cached
files simultaneously through backhaul from the IAB donor nodes, which also use hybrid beamforming
architectures. Utilizing stochastic geometry tools, we first derive the lower-bound for the average success
probability (ASP) of file delivery for the considered system model, using which we evaluate two quintessen-
tial performance metrics: latency and average throughput of file delivery under a cache-enabled content
delivery phase. Further, as a baseline for comparison, we also consider conventional half-duplex techniques,
namely time division duplex and frequency division duplex transmission and evaluate their performance with
respect to cache size, node density, content popularity, antenna numbers, blockage density, and residual self-
interference. Numerical results demonstrate the precedency of using wireless edge caching as a cost-effective
measure for improving the FR2-IAB network’s performance. More importantly, we provide several design
insights for the implementation of wireless edge caching in IBFD FR2-IAB networks, with respect to
required residual self interference cancellation, increasing antenna number, increasing target data rate and
IAB node density.

INDEX TERMS Wireless edge caching, in-band full-duplex, FR2, 5G NR, stochastic geometry, integrated

access and backhaul networks.

I. INTRODUCTION

In order to meet the exponential rise in demand for wire-
less data, the orientation of the fifth generation (5G) &
beyond technologies can be mainly identified as: i) net-
work densification through small cells [1], ii) moving to
frequency range 2 (FR2 i.e.,, millimeter wave (mmWave))
spectrum (>24.25 GHz) bands [2], and iii) improving
spectral efficiency through simultaneous transmission and
reception at the same time and frequency bands through
in-band full-duplex (IBFD) radios [3]. In particular, although

The associate editor coordinating the review of this manuscript and

approving it for publication was Xingwang Li

FR2 provides large chunks of unused spectrum for high data
rates, it is quite vulnerable due to weak diffraction ability
and susceptible to blockages due to lower wavelength. How-
ever, recent channel measurements have demonstrated the
feasibility of mmWave transmission for the access link [4].
Further, system level evaluation has proved that considerable
benefits on the coverage probability and spectral efficiency
can be achieved by densely deploying mmWave-aided small
cells [5], which is one of the key driving technology for the
evolution of 5G new radio (NR) networks.

Nevertheless, the entire data traffic from the access links
is inevitably forwarded to the core network through backhaul
networks, which makes the network performance to be highly
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related to the backhaul links. In fact, the increasing demands
for higher quality of user experience requires data rate in the
Gigabits per second (Gbps) range on the backhaul. Although
optical fibre is less likely to be a concern with regards to the
backhaul solution for macro cells access to the core network,
it is an enormous challenge to bring fibre connection to
each and every small cells in a densely deployed heteroge-
nous network due to both scalability issues and installation
costs [6]. Motivated by this, the 3GPP has proposed a novel
integrated access and backhaul (IAB) framework within the
FR2 frequencies to achieve high spectral efficiency while also
supporting reliable transmission [7]. On one hand, with the
vast availability of additional bandwidth in FR2, it is practical
to achieve data rates of several Gbps for backhaul links while
guaranteeing sufficient bandwidth for access links. On the
other hand, such a novel FR2-IAB infrastructure recognized
by 3GPP is a cost-effective alternative to the wired backhaul
that empowers both access and backhaul communications
to utilize the same 5G NR technology and share the same
resource pool to simplify the overall design complexity in
pursuit of higher wireless capacity. Despite the consensus
about the ability of IAB to reduce costs, designing an effi-
cient and high-performance IAB network is still an open
research challenge. In particular, the dynamic resource allo-
cation between the backhaul and access links is the main tech-
nical problems for the FR2-IAB framework. With the wide
availability of the FR2 spectrum, it is necessary to investigate
how feasible it is to include wireless backhaul communica-
tions in the same spectrum as wireless access since recent
studies have showed that it plays a significant role in the
performance of rate coverage [8], cell edge throughput [9],
and sum rate [10].

Additionally, a substantial amount of redundant transmis-
sion over networks is generated by users by asynchronously
and repeatedly requesting some popular files [11]. In order
to deal with the high wastage of resources and aggra-
vation of traffic burden on backhaul links, wireless edge
caching (WEC), defined as pre-fetching some popular con-
tents in the local caches of base stations (BSs) closer to
users, has been proposed as a potential solution. In fact,
WEC has the ability to alleviate network backhaul load,
reduce content delivery latency due to shortened commu-
nication distance, and improve the overall throughput [12].
Accordingly, caching techniques for wireless networks have
gained significant attention with many undergoing studies
of late on the design and analysis of cache-enabled wire-
less networks. In this regard, femto caching was considered
in [13], where the optimal caching placement through dis-
tributed caching helpers with low-rate backhaul capacity, but
high storage capacity was proposed to minimize the expected
downloading delay. However, the considered network model
did not capture the stochastic nature of channel fading and
geometric locations of BSs and users. Similarly, a stochas-
tic geometry aided cache-enabled small cell network was
analyzed with respect to the outage probability and average
file delivery rate in [14]. Further, leveraging the analysis
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in [14], a cache-enabled heterogeneous networks (HetNets)
consisting of a tier of multi-antenna macro BSs (MBSs)
overlaid with a tier of caching helpers was considered in [15],
where the optimal caching placement was analyzed in terms
of probability of success of file delivery and the area spectral
efficiency (ASE). However, none of these works were vali-
dated for the FR2 spectrum. Nevertheless, WEC in mmWave
D2D communications and massive multi-input multi-output
(MIMO)-aided HetNets were investigated in [16] and [17],
respectively. In [18], WEC was considered for a hybrid FR1
(<7.225 GHz) and mmWave HetNet, where optimal caching
placement schemes with respect to the average success prob-
ability (ASP) of file delivery was evaluated.

Furthermore, analogous to conventional wireless networks,
existing architectures for IAB networks employ half-duplex
(HD) radios only, which cannot simultaneously utilize the
time and frequency resources of a spectrum, thereby not
only reducing the spectrum efficiency, but also increasing
latency in communication. This problem can be mitigated
by implementing IBFD radios. Recent advances in various
self-interference (SI) cancellation techniques in antenna, ana-
log and digital domains [19], [20] invalidate a long-held
assumption that transmission and reception cannot happen
simultaneously within the same time-frequency band. In par-
ticular, recent works such as [21]-[24] justify the use of IBFD
radios in future wireless communications. With separate
antennas for transmission/reception, IBFD-MIMO radios,
can support bidirectional communication, thus improving the
performance of the IAB network further. However, unlike the
above cited literature, the primary goal of this article is to
analyse the feasibility and performance of a cache enabled
IBFD IAB network considering a wide-band FR2 channel
model.

Based on the above, we would like to note that very few
works to date have taken into consideration the IBFD oper-
ation for cache-enabled FR2-IAB networks. In fact, 3GPP
clearly puts forward the requirement for the spectral effi-
ciency enhancements [7] for IAB through the application of
innovative technologies, which is why we consider the inno-
vative framework of IBFD FR2-IAB network in conjunction
with WEC. In particular, we explore a more ambitious solu-
tion for FR2-IAB networks than what is currently available
in literature by 1) utilizing the same spectrum resources and
infrastructure of the FR2 transmission band to serve cellular
users in access as well as the IAB nodes in backhaul, and
ii) incorporating WEC by equipping the IAB nodes with
inexpensive memory. The primary contributions of this work
are summarized as follows:

« Unlike existing out of band IAB HD solutions, in this
work we consider a WEC-enabled FR2-IAB architecture
operating in an IBFD mode, such that in the event of a
cache-miss scenario at the IAB nodes it is possible to
retrieve the non-cached files from IAB donor nodes with
the least possible latency and minimum degradation in
data rate, thus theoretically providing twice the through-
put of baseline HD solutions.
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o Unlike existing literature on IAB, this work does not
require bandwidth partitioning due to the IAB nodes
operating in IBFD mode, whereby the whole bandwidth
allocated to an IAB node can be utlized for both access
and backhaul at the same time.

o Unlike other FR2 narrow band channel models, this
work considers wide-band FR2 channels that intro-
duces frequency selectivity, whereby the impact of
multi-path delay spread is more significant. In order
to cope with frequency selectivity and simulta-
neously enabling IBFD operation at IAB nodes
in both access and backhaul links, we consider
that each IAB node (IAB donor node) simultane-
ously serves multiple users (IAB nodes) through
fully-connected OFDM-based hybrid beamforming
architectures.

« By utilizing stochastic geometric tools, that accounts
for interference among the operating IAB donor
nodes and IAB nodes, uncertainties both in node
locations, channel fading (i.e., path loss), and cell
loads, we derive tractable signal-to-interference-
and-noise ratio (SINR) expressions at the receiver
node located at the origin. Next, considering the
effects of blockages in FR2 transmission, both line-
of-sight (LOS) and non-LOS (NLOS) transmissions
are separated from the original point process and then
analyzed.

« In order to simplify the expressions and obtain tractable
results, we first define the path loss process, with which
we derive the user association probability, the statistics
of the serving distance, and mean cell loads. Next, using
these expressions we derive the lower bounded ASP
of file delivery, average throughput, and the latency of
file delivery for the IBFD case with WEC in access.
In addition, for the sake of comparison we also consider
baseline HD modes (time division duplex (TDD) and
frequency division duplex (FDD)) at the IAB nodes and
the no caching scenario where the IAB nodes are not
equipped with any storage memory.

o Numerical results show that WEC is an effective solu-
tion to improve the network performance of future IAB
networks albeit certain tradeoffs. Compared to TDD
mode, IBFD is superior with respect to ASP, latency,
and throughput of file delivery. However, while FDD
mode performs well with respect to rate coverage, IBFD
outperforms it with respect to latency and through-
put. In particular, we observe a tradeoff in perfor-
mance between FDD and IBFD modes with respect
to cache size. Apart from cache size, we also eval-
uate the network performance with respect to node
density, content popularity, antenna numbers, block-
age density, and residual SI cancellation (RSIC) factor.
One of the significant results that we observed is that
WEC has the ability to reduce SI cancellation require-
ments for the deployment of practical IBFD FR2-IAB
networks.
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Il. SYSTEM MODEL

In this section, we describe the cache-enabled IBFD FR2-IAB
network. Some of the important notations used in the paper
are summarized in Table 1.

A. NETWORK TOPOLOGY

We consider the downlink of an TAB network as depicted
in Fig. 1, where IAB donor nodes co-exist with IAB nodes
and are distributed in the 2-D Euclidean plane R? according
to two independent homogeneous Poisson point processes
(PPPs) @,, and ®; with densities 1, and A, respectively [5],
[17], [25], [26]. Due to the IBFD operation, same spectral
resources under FR2 band is used by the IAB donor nodes
to serve IAB nodes in backhaul and IAB nodes to provide
access to cellular users, that are assumed to be distributed
according to another PPP &, with density 1,. We assume
that there is no direct IAB donor node-user access link, which
ensures that the users are only served by the IAB nodes. Nev-
ertheless, this assumption does not restrict the IAB donors
from interfering with the users’ access links. The propagation
among each IAB node and its associated users takes place
via a fully connected hybrid precoder that combines both
radio frequency (RF) and baseband (BB) precoding. Simi-
larly, each IAB donor node simultaneously serves IAB nodes
through another hybrid beamforming architecture. Further,
in view of the sparsity of FR2 channels, this work assumes
that all scatters take place in the azimuth plane and are
uniformly distributed in [0, 27 ] [27]. Therefore, each IAB
donor node, IAB node, and user is assumed to employ an uni-
form linear array (ULA) of size n}", nj, and n, 1respectively1
[27], ([18], Remark 1). In particular, each IAB donor node
and IAB node has nK‘F RF chain and nf{F RF chains, respec-
tively, for transmitting. Besides, for simplicity we assume that
multiple users (IAB nodes) are served via one stream per user
(IAB node) by its serving IAB node (IAB donor node). Thus
it is sufficient to assume that each user (IAB node) employs a
RF-only combiner with the antenna number n¥ (n}) to decode
the transmitted signal as described in [27]. More details on
the propagation model will be elaborated in the subsequent
section.

According to the Slivnyak’s theorem, the analysis hence-
forth is performed at the typical user, which without loss
of generality is assumed to be located at the origin. Fur-
ther, the IAB nodes are equipped with IBFD radios and are
assumed to be equipped with storage memory, such that the
cache-miss files are retrieved from IAB donor nodes via
wireless backhaul. Since IBFD allows both transmission and
reception at the same time and frequency band W, the IAB
operation does not require any bandwidth partitioning and
hence is a true in-band IAB solution. However, the backhaul
links at the IAB nodes are susceptible to SI from the access
links. In this work we assume that SI is already cancelled

'Due to very short wavelength of FR2 signals, it is reasonable to assume
that even small mobile user equipments will be equipped with multiple
antennas.
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TABLE 1. Summary of notations.

Notations Physical meaning
Dy, O, Doy PPP distributed locations of IAB donor nodes, IAB nodes, and users, respectively
Ams As, Ay Spatial densities of IAB donor nodes, IAB nodes, and users, respectively
P, Ps Transmit power of each IAB donor node and IAB nodes, respectively
ny, ng Number of transmit antennas at each IAB donor node, IAB node, respectively
ny, ne Number of receive antennas at each IAB node and user, respectively
NRE> "RE Number of RF chains at each IAB node and IAB donor node, respectively
Total bandwidth
F={f1,...,fr} (e, |[F] = F) | The finite file set with F total files
S File size in bits
O={q,...,qr} Content popularity vector with g; denoting the probability of request of the th file (i € {1,..., F'})
v Skewness of the content popularity distribution
C Cache size of each IAB node
Q={&1,...,0r} Caching probability set with @; denoting the probability that the file 4 is cached in the IAB node
ms Mg Maximum number of IAB nodes and users served by each IAB donor node and TAB node, respectively
N3, N Number of associated users for each IAB node and IAB donor node (located at x), respectively
uyr, u; Set of scheduled IAB nodes and users served by each IAB donor node and IAB node located at x, respectively
u;r,ug Cardinality of the set {}/* and U/, respectively
Blockage density
ar, AN LOS and NLOS path loss exponent, respectively
Time delay of each path
NL, N Number of LOS and NLOS scatters, respectively
ar(-),ar(") Steering vector responses of the receiver and transmitter, respectively
0, ¢ Angles of arrival and departure, respectively
Ts Sampling time
€ The roll-off factor of the raised-cosine filter
v Target rate
D Cyclic prefix
K Total number of subcarriers
AL AN AL AN, Association probabilities of each user/IAB node associated with IAB node/TAB donor node
in LOS and NLOS transmission, respectively
Ps(v), R, T, Average success probability, throughput, and latency of file delivery, respectively
o? Noise power
< Self-backhaul
“4+———— Access
4 = = [nterference
- ==y
g
: 53
7/
ZE
28
TE
.t 2.0 A1 2021 P-4
Typical user

FIGURE 1. An illustration of the considered IBFD FR2-IAB network.

through analog and digital cancellation techniques [19] and
only a residual self-interference (RSI) remains in the IAB

nodes.

Furthermore, the IAB donor nodes are connected to
the core network via high-capacity optical fibre links
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and subsequently, it is justifiable to assume that the IAB
donor nodes have full access to all files because of high reli-
ability and stability of wired backhaul links. For comparison,
we also consider baseline HD TAB solutions, whereby we
explore both TDD and FDD modes.
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B. WEC MODEL

We consider a finite file set 7 = {f1, ..., fr}, where F is the
total number of files and f; is the ith most popular file with
equal file size S bits.> The content popularity distribution
vector (i.e., the probability of request of each file in F)
is denoted as Q@ = {qi,...,gr}, which is assumed to be
perfectly known as a prior.? Each user independently requests
the file f; according to Zipf distribution [18], [28], [29], given
as q; = (i¥ Zle 7Y™, where v is the coefficient of skew-
ness that controls the content popularity. Further, the caching
capacity of each IAB node is defined as CS bits, where C is
the total number of stored files such that C < F. In particular,
this work considers a generic WEC policy in a probabilistic
manner, where we define a caching probability set Q@ =
{®1, ..., oF}, such that 0 < @; < 1 due to the probability
property and ZIFZI @; < C due to the caching constraint in
an average sense. The motivation behind the use of such a
policy is that this makes it analytically tractable to incorporate
the stochastic geometric framework to investigate different
WEC strategies. In particular, in this work we analyze two
commonly used WEC strategies: 1) caching most popular
files (MC) and 2) uniform caching (UC). For MC, the caching
probability @; = 1 for Vi € [1, C] and @; = 0 for Vi > C.
As for UC, the caching probability @; = % forVi € [1, F].
Based on the caching probabilities, the average cache hit
probability (considering that the requested files are stored in
the IAB nodes) is given as phiy = Zle giw;. Finally, for
comparison, we also consider the baseline scenario without
caching, where the IAB nodes are not equipped with any
storage memory and cannot store any files.

C. USER ASSOCIATION AND CELL LOAD

Based on the least path loss user association, every user is
associated with an TAB node. Since each IAB node can-
not serve more users than its available RF chains in one
time-frequency resource block, we assume that the maximum
number of users served by an IAB node in each resource block
is limited to My such that My < ny,;, where iy is the number
of RF chains of each IAB node. Similarly, each IAB node is
associated with an IAB donor node (to retrieve cache miss
files) based on least path loss, where each IAB donor node
can serve a maximum of M,,, associated IAB nodes such that
M, < ngp. Now, let U/} denote the set of all users in &, which
are scheduled by the IAB node at x in one resource block. The
cardinality of U} is expressed as U] = min(My, N}), where
N; is the number of associated users of the IAB node at x.
Similarly, let " denote the set of all IAB nodes in ®; which
are scheduled by the IAB donor node at x and its cardinality
is expressed as U] = min(M,,, NJ"), where N" is the
number of associated IAB nodes of the IAB donor node at x.

2In the event of unequal file size, each file can be divided into small
partitions of the same size, with each partition being treated as an individual
file.

3In practice, the content popularity is unknown and should be estimated
through some estimation techniques, which is a promising future research
topic.
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According to [5], which provides the approximated mean cell
load for such non -Poisson Voronoi association cells, we have
N =141 28 for the tagged IAB node and Ny = ” for
the non-tagged IAB node. This mean number of assomated
users per cell includes both cache-hit and cache-miss users.
For notational simplicity, hereinafter the average number of
associated users of the tagged and non-tagged IAB nodes are
denoted as Uy and Uy, respectively. Similarly, each tagged

IAB donor node has N = 1 + 1. 285 associated IAB

nodes, while each non-tagged IAB donor node has N = i“

associated IAB nodes. The average number of assoc1ated 1AB
nodes of the tagged and non-tagged IAB nodes are denoted
as Uy, and U,,, respectively.

IIl. PROPAGATION MODEL AND RATE
CHARATERIZATION
A. BLOCKAGE MODEL
Unlike FR1 band signals, FR2 signals are susceptible to
blockages (concrete walls, trees, etc.,) which result in both
LOS and NLOS transmissions. Therefore, we consider a
two-state stationary probabilisitic ‘“‘exponential blockage
model” that is validated in [30], where the probabilities of the
occurrence of the LOS and NLOS transmissions are defined
by pr(r) = e P and par(r) = 1 — e P7, respectively, with
B and r denoting the blockage density and the link length.
Accordingly, considering the blockage effect, the path loss
exponent on each link is a random variable given as

L e weope 0

ay  w.p. pn(r),

where a, and o/ are the LOS and NLOS path loss expo-
nents, respectively.

B. FR2 CHANNEL MODEL

This work considers wide-band FR2 channel model and
OFDM transmission, where the impact of the multi-path
delay spread is more significant in NLOS environments.
Further, each path is modeled by a time delay d, in addition
to the complex gain as well as the angles of departure and
arrival [31]. Therefore, the delay-d MIMO channel matrix
between the transmitter at x and the receiver at y based on
the geometric channel model that incorporates wide-band
channel characteristics, limited FR2 scattering properties,
and multi-path delays is given as

Txy

nn
Hyld]= ry n:y > higpre(dTs—1)ag Oy )af (i), (2)
=1

where n, € {n,n},n’} and n; € {n}", n{} depending on

the receiver and transmitter. /iy, is the small-scale Rayleigh
fading on the Ith path [5], [32]. @ € {ag,an} and 1y €
{nr,nn} are the path loss exponents and the number of
scatters depending on LOS or NLOS path such that . < 5.
ag(f) and ar(¢) are steering vectors of receiver (i.e., users
for R = u or IAB nodes for R = s) and transmitter (i.e., I[AB
nodes for T = s or IAB donor nodes for T = m), respectively.
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In particular, the steering vectors of the ULAs are respec-
tively given as ag(h) = %[l gkdsin(®) .. o(ny—Djkdsin(0)] ypq
ar(¢) = ,,—1,[1 kdsin@) . gu—Djkdsin@®)] where § and ¢
are the angles of arrival (AOA) and the angles of departure
(AOD), respectively. Further, k = 2—’: with A, being the
wavelength and d is the distance between antenna elements.
Prc(T) denotes a pulse-shaping function for T-spaced sig-
nalling evaluated at t seconds, where p.(¢) is given as

T, 1 T
—sinc(z—), t=+-—"
2¢
Pre(t) = ¢ cos(Z&) 3)
sinc(—) > otherwise,

T 1—(2%)2’

where T is the sampling time and € = 1 is the roll-off factor.
Given the delay-d MIMO channel matrix, the channel at sub-
carrier k, Hyy[k], can be characterized with the assumption of
perfect synchronization as

D—1

> Hyldle T F @)
d=0

where K is the total subcarriers in the MIMO-OFDM hybrid
beamforming transmission model. D is the cyclic prefix
added to the symbol blocks before applying precoding for
eliminating the inter symbol interference (ISI) effect. For
notational simplicity, the channel matrix at kth subcarrier is
given as

77)}
nn
Hylkl = | =23 hiyoy [Klag@ny)al (dry).  (5)
xynxyl 1

where wy[k] = Zd 20 prc(de — tl)e’jzl%kd . In particular,
the path delay is uniformly distributed in [0, D T5].

xy (k] =

C. ACCESS LINK [IAB NODE-USER link]

1) RECEIVED SIGNAL

The users that are associated with the IAB node are simul-
taneously served through a fully-connected hybrid beam-
forming architecture. Let the BB and RF precoder matri-
ces of the tagged IAB nodes located at x} with j €
{£, N'} with respect to the typical user (located at origin)

BB vBB BB RF _
bedenotedasté [Vx’O 1’ ..,ijU ]andV- =
[VR/F VR,F sy V ,. ] respectively. The BB and RF pre-

cociers f)(c)r IAB donor nodes are also defined similarly. There-
fore, the received signal through the kth subcarrier at the
typical user from the IAB node at x} after passing through the
BB and RF precoders and RF combiner at the typical user is

given in (6), as shown at the bottom of next page, where ng

is the RF combiner of the typical user and ny ~ CN (O, 02)
denotes the noise power. Since each subcarrier is assumed
to be equally allocated with the transmit power —* P , 8() 1s
the transmitted symbol from the IAB nodes with the average
power 5[(, suchthat U € {U;, U, } and the transmit symbol

S(x) from IAB donor nodes is allocated with power Py

25> such
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that U € {Uy, Um}. Now, in order to eliminate the intra-cell
interference, we consider zero forcing (ZF) at BB level, and

1 _
BB H - (nH L
therefore we have Vx§0 = hﬂo(hxéo (hx’())) , where hx§0 =

(Wi )H x,o[k]Vle

Remark] Since the channel is the function of the sub-
carrier k, the SINR and the sum-rate over all subcarriers is
the function of k. However, k only appears in the complex
exponential function, which is less than or equal to 1. Thus,
to consider the best-case scenario for all k, we let w; <
Zg;& Pre(dTs — T;), which is independent of k. Further,
the analysis of this work is conducted from a probabilistic
perspective. Therefore, we consider that each path has the
same path delay 1j = © = % Vi e {1,...,ny} from an
average sense, by which we can simplify and avoid taking
average with respect to delay in each path in the analysis.
Thus, we can assume w,;, = © = Zg;(} Pre(dTs — T) to be a
constant.

Remark 2: We consider the sub-optimal approach given

in [27] to obtain the hybrid precoders, whereby ng =

RF
au(B /o) and VX/0 = ay(d)l xO) 9, 0 and ¢l o are
chosen such that the maximum channel gain is achzeved
on the lLygy path, i.e., Lysxy = argmlax hl o Hereinafter,

we ignore the subscript Ly, for notational simplicity.

2) SINR CHARACTERIZATION

Based on the received signal shown in (6), the SINR of the
typical user from the IAB node at x, with j € {£, N} is
formulated as shown in (7), at the bottom of the next page,

Z KU (W )HHxlo[k]VRF BB

tends to
VGUA s 5 xl

a __
where I{| =

v

zero due to the a;plication of ZF precoder [27]. I{ and I, are
the interference from other IAB nodes and IAB donor nodes,
respectively. In particular, for tractability, the SINR is reduced
based on Remark 2 and the following assumptions [33]:

1) nj and n are sufficiently large and

2) n; > Us.
For the Ihax path, the denominator is approximated as (8),
shown at the bottom of the 8th page, where the normalized
array gain is defined as

G0 —62)

= [ (B)a(6)|?
1= 2 sin?[rn(®; — ©,)]

- 6127”(@1*@2) — ’ 9
n? ‘ Z n2sin’[ (01 — ©2)] ®

where ®; = sin(f;) and ®, = sin(f2). When 6; = 65,
G(6) — 6>) = 1; otherwise, it is approximated to zero due
to the ON/OFF model [27]. Therefore, by using the above
results, the SINR can be reduced to

P, niny 2,
KU, [le’ |hx’()| lw|r pZF

SINR ;[k] ~ , (10)

Is‘l2 —i—I,‘,‘l—i—a
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where pz is the ZF precoding penalty* defined as

1 wp.(1— l)<Us—1>

PzF = ny (1D

0 otherwise.
Besides, based on [27], the interference can be further simpli-
fied by neglecting the effect of ZF on interference links and
when the number of antennas is large. Accordingly, we have
the approximated interference as

= Y X
s 7)}
JE{EN}beQ’
b;tx’

X Z ‘Zhlbowa (Qx’())a”(glho)a (d)lho)as(d)bu)

ueldp, J=1

Yias

12)

Nevertheless, we consider a modified ON/OFF model since
the ON/OFF model underestimates the interference that may
not be always accurate [27]. Accordingly, we have

! 105 = Oipo> Bipo = Pu
PBS if 9x£0 # 921,0’ ¢ib0 = Pbu
9?170’ (b?b() 75 Db

pBSPUE Otherwise,

Vies = 13)

PUE if 0o =

where pps < 1 and pyg < 1. In the subsequent section,
we will use (13) to simplify the distribution of interference.
In a similar way, we have u

- ¥ Yot

JelLNY ,ecpl o,

x> | Zh,,owa (ex]O)au(e,,o)aH(¢ho>am<¢,q>

qelts =1

yiam
(14)
where y;_ is similar to (13).

4For more details on the ZF penalty, the readers are directed to [33].

D. BACKHAUL LINK [IAB DONOR NODE-IAB NODE link]
1) RECEIVED SIGNAL

This work considers the typical backhaul link [5], where the
receiver (the tagged IAB node) served by the serving IAB
donor node located at xJ, with j € {£, N} is considered
to be located at the origin, denoted as 0. Similarly, after
passing through the analog combiner of the tagged IAB node,
denoted as wRE | and the wideband geometric channel model

H ;s given in (2), and the BB and RF precoders of the

TIAB donor node, the received signal® of the kth subcarrier
at the tagged IAB node is expressed as (15), shown at the
bottom of the next page, where RSI is the remaining residual
self-interference after necessary analog/digital interference
cancellation scheme has been applied. In particular, the RSI
is mainly contributed by the transmit power. Accordingly,
to capture the effects of IBFD operation in the IAB net-
work the remaining RSI is modelled as nRSI% for each
subcarrier, where ngrgy is the tuning parameter (RSIC fac-
tor) controlling the amount of RSI remaining in the system,
which depends on the efficiency of RSIC [3], [26], [34].
Other parameters are similar to those defined for the access
link.

2) SINR CHARACTERIZATION
Based on (15), we can write the SINR as (16), shown at the
bottom of the 9th page. Here, the intra cell interference I,ﬁ =
et . T |(Wo o ) H GIKIVE B,B

X

m m

tends to zero due

;e
to the application of ZF precoder.

Based on the aforementioned discussion, the simplified
SINR is given as

m,s _
Py npn, 7

o 2,12
N )
x,’,,0|Xln0|| I* pzr

UnK nj

Ih, + 1P + nrsi g + 02

SINRx,’,, [k] =

. A7

5We consider all transmitted signals towards the cache-miss users to be
encoded together as one symbol.

Yokl = W) ML [KIVEEVESs, 4+ 3 (we) T HL KIVEVERs
* veld ; j g
\)7&'0A
+ 2 D O HIVETVEZ s + 3 0 D S v o KIVETVERSg: + o (6)
bE‘D; uclly ted,, geldy
b#x;
2
_‘(WRF )HHxlo[k]VRF B](B)
SINR J [k] = )
ar 3 —] WRE T [ VEFVEE | 1 5 Z R H (VRS o2
bedy, ueldy ' 1 gett, K
b
Iy
g
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where the approximated interference I,ﬁz and I are respec-
tively given as
P ny'n;
]b — ’;” l‘ﬂ r
my . Z K Um Z roij "
JE{LN} e, 107
1#5m

77':
J 2
x 3|3 higwall 6, a6l @@ |

uelly =1
Yibm that is similar to (13)
(18)
and
P nin’
b S t
K= 2 w52
S KO, &0
JElLNY bed, b0

m
J 2
x 3| hipgwall @ a8l @1,0)an @)

g€ty j=1

Yiam that is similar to (13)

19)

Due to aforementioned, the rates of access and backhaul
over all subcarriers are given as

K
. W
R, =>" < log(l + SINR [k, (20)
k=1
o Kw
R,=>" < log( + SINR ; [kD). 2h
k=1

Further, based on Remark 1, the rates are simplified as
R/ = Wlog(l + SINR ), (22)
R}, = Wlog(l + SINR "l (23)
where j € {£, N}
IV. PERFORMANCE ANALYSIS

In this section we consider three key performance metrics,
namely ASP of file delivery, latency, and throughput for

file delivery, that we will use to evaluate the performance of
the considered system model. In order to derive these metrics,
we define the path loss process through mapping theorem to
give its intensity measure and density so that the association
probabilities where the typical user is associated with the IAB
node and the typical IAB node is associated with the IAB
donor node in LOS and NLOS path are given, respectively.

A. ASSOCIATION PROBABILITIES

We define the sequence £, = {||t]|* : t € ®;} = {||¢||“~ :

£ e CI>l.£} U {|[]|*N N e <I>{v} as the path loss process

linked to ®; with i € {s, m}, where ¢ is the location of the

associated BS (t = x; fori = s and t = x,,, for i = m).
Lemma 1: The intensity measure of the path loss process

L, is given by

Ar, ([0, 1) = 2nxi(z(zi) +2(lﬁ)) L4

where Z(1) = —§le ™ — (e — 1) and (1) = L2
and i € {s, m}. And the density is given as g, () =

1N 1 L
ani(z/(l%)—l%
or

where Z/(1) = e Plland Z/(1) = 1 — e Pl and i € {s, m}.
Proof: The proof is given in Appendix A. 0
In particular, based on the proof, ALX[,([O, D)= Az . ([0,D))+

+2/(zak)$zab‘l), (25)

e
AEN([O, [)), where Az ([0, ) = 2x)rZ(%c) and

P
Ap v(00,D)) = 2mraZ(IeN) with i € {s,m}. Simi-

larly, )LEXIL(I) = 271)»,-2’(1#) ili_l and ’\LXZN(I) =
202 (1 )ﬁl ﬁ_l are acquired by taking derivative of the
intensity measure of the sub path loss process in terms of /.

Having derived the intensity measure and density, the PDF
of the “contact distance” L, is derived by taking derivative
with respect to the void probability that is given as P[L; <
11=1— ¢ 82O The PDF of L, is given as

Jo, (D) = Ag,(Dexpl=AL, (0, 1D], =0, (26)

P H . RF BB 2 PS H .
_ PS nt r
KUy r®
. H RF B
o, ] = (WEE)THL o [KIVEFVEE,
ved,,
v;ﬁ()

+ ) red,. ) (WE ) H G KIVE VLSS

t#x}m uéut

164994

S U
nink
@

xCO J

2
hjo@au(® jo)as(@,j) a5 )| pzr

|hxfo| 0?1l (0,130 12y 1) as(d ) Ppze @®)

o+ Z(wé V) ¥ H ,O[k]ijF 333 4

So,+ D D Owe ) HGIKIVERVRR S, + RST+ g (15)

bed, geldy
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where ¢ € {xs, x;,,}. Similarly, based on the intensity measure
of sub path loss process with respect to LOS and NLOS
paths, f. [;(l) = AL ﬁ(l) exp[—Ag L([O 1)1 and f1, N(l) =
)»LN exp[ ALN([O 1))], where the k[; C(l) and ALN(I)
are glven above, with i € (L, N}.

Since the channels of access and backhaul are composed
of multiple paths (either LOS or NLOS), we give the asso-
ciation probabilities such that the typical user (IAB node) is
associated with the IAB node (IAB donor node) with LOS
and NLOS channels below.

Proposition 1: The association probabilities that the typi-
cal user is associated with the IAB node with either LOS or
NLOS channel, denoted as x and x{,\/ , are given as

AL = fo wexp[—zn,\si(zﬁ) Az (zi) £,
(27

AN = fo ooexp[—zn,\sz(li) —ZnAsZ(l #)]x £ (.
(28)

Similarly, the association probabilities that the typical IAB
node is associated with the IAB donor node with either LOS
or NLOS channel, denoted as xnf and x,/,}[ , are given as

AL = /0 Ooexp [— 2nxm2(1ﬁ)—2msz<zi)],\ﬁxg (Dydl,
(29)
AN = /0 ooexp[— 2nxmz(li)—2nA52(zﬁ)]xﬁw(1)dz,
(30

where g (D), A (), Az (D), and Ap (1) are given
above. N K o
Proof: The proof is given in Appendix B. O
Having derived the association probabilities, we now have
the probability density functions (PDFs) of the “serving dis-
tances” in LOS and NLOS between the serving IAB node and
the typical user, which are given as [35]

g = oo [ = A (0.0) 00 6D

Joge ) = ﬁ exp| = Az (10.0) |- G

Similarly, the PDF of the “serving distances” between the

as

g = e[ =z (10.0) ] 00 69

i ) = INeXp[—Ac_%([O,l))lfLW(l)- (34)

B. ASP OF FILE DELIVERY

The ASP of file delivery is defined as the probability of
rate coverage where the instantaneous rate is greater than a
pre-defined threshold rate. With the association probabilities,
the ASP of file delivery is computed by the summation of
each conditional ASP of file delivery. Thus, the ASP of file
delivery under IBFD mode for the IAB network is given as

PSIBFD(U)
F
=" AL BiPIRE = v]+(1-G)PREZVIALPIRE = v]
=1

+ ANPIRY = vp] + AV [@PIRY = v)

+(1—a)PRY > V](ALPRE > v]+ AN PRY > v])]}.
(35)

Proof: The proof is given in Appendix C. 0
Similarly, the ASP of file delivery for TDD and FDD
modes are computed with the following changes: 1) the RSIC
factor is equal to zero, 2) the interference under FDD mode
at IAB nodes and the typical user will not include the other
tiers, which is different from the IBFD and TDD modes, and
3) for TDD mode, the rate in the cache hit access link will not
be scaled by 1/2 while for FDD mode, the rate in all access
and backhaul link are scaled by 1/2 irrespective of cache hit
Or miss.

C. AVERAGE THROUGHPUT OF THE TYPICAL USER

In order to evaluate the network capacity for the access and
backhaul links, we define the average rate of file delivery of
all links in the network for different caching strategies based
on the following equations:

F
R = Y ailAaiRE +(~a) min(RE, ALRE + AN R
i=1

+ ANoR) + (1~ apmin®Y AERE + AVRY) )

serving IAB donor node and the typical IAB node are given (36)
H RF BB 2
) Hx,o[k]Vx{n g0
SINR ; [k] = (16)
m {4 +71RSI KS +02
+ > Z ’( E)THakIVEFVER |74 5™ Z (WRE ) H, 5[ VR VED
ted,, ueu, bed, qeu,, "
1,
I
14,
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where the average rates in (36) are given by [36]
o
=W f Pllog(1 + SINR,z) > vidv, ~ (37)
—_ OOO
RN =w f Pllog(l + SINR ) > vidv,  (38)
0
o0
RE =w / Pllog(1 + SINRE ) > v]dv,  (39)
0
o0
RY =w /O Plog(1 + SINRY) > v]dv.  (40)

The derivation of the average rates is similar to that of the ASP
of file delivery. Further, ASP of file delivery and throughput
for HD mode can be derived in a similar way.

D. LATENCY OF FILE DELIVERY

In order to evaluate the time required for file delivery in the
network, we evaluate the latency of the network under IBFD
operation. For comparison, we also calculate the same for
HD mode. Under HD mode, the non-cached content will be
retrieved in two hops at different time instances. However,
under IBFD mode, the two hops involving retrieving and
delivering can be performed at the same time.® Accordingly,
by a slight abuse of notations,’ the latency of file delivery
in the network for IBFD and HD mode of operation can
respectively be given as

TrDD = qu{flﬁ[a)l +(1 -

+AN[0), _2N+(1 @;) max (;f/., %Z)“, (42)
Ttpp = ;%{As [‘bi;_g""(l CD’)(%R,C + %)]
r o+ w,>(1;N+lin) L@
a a 2

where R, = Arﬁkf + ANRN.

V. NUMERICAL RESULTS

In this section, we numerically evaluate the performance of
WEC-enabled IBFD IAB networks and compare it with i)
baseline HD solutions (FDD and TDD) and ii) NC IAB
scenario. Accordingly, we holistically evaluate the network

6Before delivering the content to the typical user in the access link,
the content is retrieved through the backhaul link. Once a portion of the
content is retrieved at the tagged IAB node, it can be immediately delivered
to the typical user. Though a small non-simultaneous latency exists between
the two phases, it is neglected for the sake of tractability.

TEven though the rates under FDD, TDD, and IBFD modes are different,
we use the same notation to refer to the rate under all modes.

164996

performance with respect to three key performance metrics,
namely the ASP, throughput, and latency of file delivery
under two popular caching strategies, MC and UC. Unless
otherwise stated, the following parameters are used to pro-
duce the numerical results [17], [18], [37]: A = 107°
nodes/m?, Ay = 5 x 107> nodes/m?, &, = 2.5 x 10~*
nodes/m?, P,, = 46 dBm, P; = 30 dBm, n"" = n{ = n’ =
256 n¥ = 32, transmit RF chain number of each IAB node

3RF_10053_20{N_4W—109HZV_
leO bits/s/Hz, nrs1 = 107°, v =0.8,n2 =3, nn7 =3,
B = 0.008, S = 100 bits, K = 512, D = 128. Below we
evaluate the trade-offs and effects of several parameters on
the performance of the considered system model.
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FIGURE 2. ASP of file delivery v.s. RSIC factor.
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FIGURE 3. Latency of file delivery v.s. RSIC factor.

A. EFFECT OF RSIC FACTOR

We begin by evaluating the effects of RSIC on the perfor-
mance of ASP, latency, and throughput of file delivery in
the IAB network in Fig. 2, 3, and 4, respectively. In partic-
ular, the value inside the bracket shown in the legends of
the figures signify normalized cache size. The RSIC factor
denotes the level of RSI cancellation in the IBFD-enabled
IAB nodes (lower values denote higher cancellation). It can
be seen from the figures that the performance degrades when
the RSIC factor is high. However, it can also be seen from the
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FIGURE 4. Throughput of file delivery v.s. RSIC factor.

figures that increasing the cache size reduces the impact of
the RSIC factor on the performance of the IAB network. This
result is not only innovative but also exciting as it provides
an alternative to the technologically difficult and expensive
RSIC, whereby instead of striving to achieve higher lev-
els of RSIC through various analog and digital cancellation
techniques, it may be effective to increase cache size and
improve the caching probability of the files at the edge nodes
to improve the performance.

—6— UC IBFD
—&— UC FDD
0.9 |-|—&—uc TpD
57— MC IBFD

MC FDD
—p— MC TDD
—<— NC IBFD

o
©
T

ASP of file delivery

. . . . . . . .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized cache size

FIGURE 5. ASP of file delivery v.s. normalized cache size with different
antenna numbers.

B. EFFECT OF CACHE SIZE
Next, we evaluate the ASP, latency, and throughput of
file delivery with respect to the normalized cache size
in Fig. 5, 6, and 7, respectively. It can be seen from the
figures that when the cache size increases, more files are
available in the local caches, which in turn makes the cache
hit probability higher. This reduces the backhaul usage and
shortens the communication distance. In particular, we can
see from the figures that when the normalized cache size
increases, the ASP of file delivery and the average throughput
also increases, while the latency of file delivery decreases.
Moreover, in Fig. 5, the dashed lines are generated with
respect to antenna numbers (n)' = nj = n. = 512),
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FIGURE 7. Throughput of file delivery v.s. normalized cache size.

while the solid lines are generated with the default antenna
configuration as mentioned before. We can see that the per-
formance with higher antenna number outperforms that with
lower number of antennas due to higher antenna array gain.
However, the improvement is not significant when compared
to gains achieved through WEC, which clearly illustrates the
effectiveness of using cache enabled IAB nodes.

Further, while the ASP of file delivery in IBFD mode is
superior to that in TDD mode, FDD performs better than
IBFD in certain scenarios due to the fact that the FDD mode
utilizes orthogonal access and backhaul resources and hence
the IAB donor nodes do not produce any interference towards
the users. However, for the special case when all files are
cached in the IAB nodes, both IBFD and TDD modes outper-
form FDD as the backhaul transmission is no longer utilized.

However, while throughout the range of cache size,
the latency and the throughput in IBFD mode is superior to
that in TDD mode, there is a tradeoff between IBFD/TDD
mode and FDD with regards to average latency and through-
put of file delivery. When the cache size is large, the latency
and throughput in IBFD/TDD mode is superior to that in
FDD and vice versa for smaller cache size. Moreover, due
to the partitioning of bandwidth in FDD mode, caching does
not effect the average throughput and latency performance in
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FDD based TAB networks. Further, the overall performance
of the network irrespective of the transmission mode consid-
ering WEC is mostly better than no caching (NC) scenario
and MC is superior to UC since MC is more suitable to the
skewed content popularity, which is discussed later.
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FIGURE 8. ASP of file delivery v.s. target data rate for various normalized

cache size.

C. EFFECT OF TARGET DATA RATE

In Fig. 8, we evaluate the ASP of file delivery with respect to
the target data rate. When the target rate increases, the prob-
ability of successfully delivering the requested file also
decreases. Increasing the cache size can improve the ASP of
file delivery, which allows mobile operators to provide higher
data rates for better quality of experience for users. Further,
increasing cache size results in reduction of the performance
gap among IBFD, TDD, FDD.
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FIGURE 9. ASP of file delivery v.s. IAB node density.

D. EFFECT OF IAB NODE DENSITY

We evaluate the effect of IAB node density on the per-
formance of ASP, latency, and throughput of file delivery
in Fig. 9, 10, and 11, respectively. Although higher IAB
node density can improve coverage, latency, and throughput
performance, the increasing node density results in more
interference towards the users, which severely limits the
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FIGURE 11. Throughput of file delivery v.s. IAB node density.

throughput of file delivery as shown in Fig. 11. However,
WEC with large caching capacity is an exciting solution that
allows for higher IAB node density for better rate coverage
to balance the effect of interference while maintaining (even
improving) the latency and throughput performance.
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FIGURE 12. ASP of file delivery v.s. skewness with various blockage.

E. EFFECT OF CONTENT POPULARITY

Finally in Fig. 12, 13, and 14, we evaluate the IBFD FR2-IAB
network’s performance with respect to the caching technique
used and the content popularity of files, which is tuned by the
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TABLE 2. Computation complexity for calculating some intermediate variables.

Equation Multiplications | Additions | Total (flops)
Z(1) 7 2 9
Z(1) 8 3 11
Z (1) 2 - 2
AD) 2 1 3
Ape (D) 10 1 11
Ay f\/) [0) 9 2 11
AZ [eq. (27)] and AZ, [eq. (29)] 34 7 41
AY Teq. (28)] and AN, [eq. (30)] 33 8 41
eq. (31) and (33) 36 5 41
eq. (32) and (34) 37 8 45
Each conditional ASP for LOS in eq. (35) 118 21 139
Each conditional ASP for NLOS in eq. (35) 119 24 143
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FIGURE 13. Latency of file delivery v.s. skewness with various blockage
density.
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FIGURE 14. Throughput of file delivery v.s. skewness with various
blockage density.

skewness parameter. The value inside the bracket signifies
the blockage density. When the skewness value is small,
the content popularity tends to be uniformly distributed, while
a higher value of skewness leads to higher skewed content
popularity distribution. This results in the top ranked contents
to be highly likely to be requested. Alternatively, when skew-
ness increases, performance of UC remains the same since
UC is independent of the content popularity while the perfor-
mance of MC improves since now it becomes highly possible
for most of the popular files that are stored to be requested
by all users. Further, we also evaluate the performance of
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the network with respect to blockage density. When the
blockage density increases, there is a positive effect on the
ASP, latency, and throughput of file delivery due to the fact
that dense blockages could block certain undesired signals
considered as interference at the users. However, if we keep
increasing the blockage density, higher propagation loss via
NLOS transmission acts as the main limitation that severely
degrades the performance of the network.

F. COMPLEXITY OF THE DERIVED

PERFORMANCE METRICS

Here, we show the computation complexity of the ASP of
file delivery, throughput, and latency in (35), (36), and (41)
respectively, by counting the floating-point operations in
terms of multiplications and additions (i.e., each multipli-
cation/ addition accounts for 1 flop). However, prior to that
we have to first compute the association probabilities given
in Proposition 1, the conditional ASP of file delivery that is
derived in the Appendix C, and rate calculations in (37)—(40).
For simplicity, we assume the integral and exponential oper-
ations as one operation (which have linear complexity) and
only account for the number of multiplications and additions
inside the integral and exponential functions. Accordingly,
the approximate complexity analysis of certain intermediate
variables in terms of the number of multiplications and addi-
tions required is shown in Table 2.

Now, for the case of ASP of file delivery in (35), assuming
that the intermediate variables, Af, Aﬁv , AL Aﬁ[ , and the
4 conditional ASPs of file delivery (i.e., IP’[R;éZ > v], etc.) are
already calculated (given in Table 2), in each loop we have a
total of 13 multiplications and 4 additions. Further, we have
a total of F loops, which gives 13 F multiplications and 5 F
additions, where F is the total number of files. Accordingly,
using Table 2, we can give the total number of multiplications
and additions required to calculate the ASP of file delivery as
13 F + 608F (i.e., 118 x 2+ 119 x 2+ 34 x 2433 x 2)
multiplications and 5F 4+ 120F (i.e., 21 x2+24 %247 x2+
8 x 2) additions, respectively. Therefore, a total of ~746 flops
are required to compute the ASP of file delivery. Similarly,
the computational complexity for throughput can be given
as 11F 4 612F multiplications and 6F 4 120F additions,
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i.e., =749 flops and for latency as 13F +612F multiplications
and 4F + 120F additions i.e., 749 flops.

VI. CONCLUSION

We proposed a 3GPP-inspired analytical framework for a
cache-enabled IBFD FR2-IAB network. Utilizing stochas-
tic geometry tools we provided a holistic analysis with
respect to three key fundamental network metrics, namely
the ASP, latency, and throughput of file delivery. Numerical
results show that WEC is an effective solution to not only
improve the network performance, but also to alleviate net-
work parameter requirements in terms of the level of RSIC
required for IBFD IAB nodes, antenna number, target data
rate and IAB node density. Nevertheless, several tradeoffs
from the perspective of network design were discovered: 1)
WEC reduces the requirement for higher self-interference
cancellation. 2) Increasing the cache size at the IAB nodes
can improve the ASP of file delivery, which allows mobile
operators to provide higher data rates for better quality of
experience for users. 3) Latency and throughput performance
of cache-enabled IBFD is superior to TDD mode but shows
a trade-off when compared to FDD mode, which is highly
dependent on cache size. 4) WEC allows to increase the
IAB node density by balancing the effect of interference.
5) Increasing the blockage density to a certain extent has a
positive effect on the ASP, latency, and throughput of file
delivery.

Furthermore, the current analysis does not focus on
optimal caching placement schemes. The design of opti-
mal caching schemes is non-trivial and will be consid-
ered as an important topic for future research. Similarly,
optimal beamforming schemes as shown in [21], [24], [38],
that balances between data rate, cache size and latency
will be explored in future on top of the current
analysis.

APPENDIX A

PROOF OF LEMMA 1

We denote the intensity measure of the point process ®; with

i € {s,m} by its process notation and the thinned process

in terms of LOS and NLOS by CDE and <I>N with densities
Aipr(r) and A;par(r), respectively. Slnce the superposition of

these thinned PPPs is the original PPP, the intensity measure

A, ([0, 1)) with ¢ denoting the location of the associated BS

(ie, t = xsfori = sand t = x,, for i = m) is derived by

using the mapping theorem, given as

A, ([0, 1)
= o£([o, li)) + o[, lﬁ))

2 00 1
= / / riexp(—Br)l(r < 1%c)rdrdd
0 0

2 o)
+ f / Ai(1 —exp(—Br)1(r < lﬁ)rdrd@
0 0

- 2n,\i(z(li) +2(zﬁ)),
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(A1)

where Z(-) and VA (-) are defined in the Lemma 1. Now,
the density can be computed by taking derivative of intensity
measure with respect to / to complete the proof.

APPENDIX B

PROOF OF PROPOSITION 1

Let the distance from the serving IAB node in LOS trans-
mission and NLOS transmission to the typical user be R X£0
and R N0 respectively. According to the definition of the
association probability, we have

ol =]

s
oo

AF

—~

a

=

[
[

(x —
ﬁ >r N R(Rxgﬁo)devﬁo

JP[ N 2 B2 [f e Uil
In \...Y.z
e

- /ooo xp [ ALy <[0’ lﬁ)ﬂfgsg (c)dle,  (B.1)

where (b) is a revised form of (a) with respect to path loss
process and (c¢) follows from the void probability. In addi-
tion, A, N([O lr)) ande [:(IL) are given in (24) and (26),

respectlvely Similarly,

AN / R > r_aﬁ ]fR(Rx}f\fo)deg\fO

_/ [P’[raﬁ >R
0 ——

IE \\/_/
v

N /Oooexp | = e, (10.00) [ iy B2)

o Vi dine

The association probabilities A% and A can be derived in
a similar way.

APPENDIX C

PROOF OF THE ASP OF FILE DELIVERY

Here, we show how to derive the ASP of file dehvery
PEW) = PRE > . Slmllarly, PN) = IP[R > ],
PEW) = IP[R;? > v], and PV (v) = P[R)Y > v] can be
derived following similar steps.

PLW) = El]P’[SINRxsg > 2_2;_1”
0

S U
Py mn,

N E{ I:KU’ e |hxfo|2|w|2 rgﬁaoﬁpZF - Q]}
- I8 + 18 + o2

00 1\ Us—1 19 + 1% 4 o2
=/ (1_7) E{exp[——Q( SZP s:n )“
0 n; s 1y w2

KUSIXSLO”E

*Jr, g (eo)dl 0. (C.1)
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where le = rjfo. In particular, the expectation above is
given as '
Q0% UKl conz QIE UKL cong
Ejexp| - ————— |{E{exp| - ————
@*Psnin w?Psnint
A
QIYUKL conr
x Ejexp| — e st . (C2)
@*Psnint

B

In the following, we calculate the expectation terms, A and B,
respectively. In particular, due to the thinning theorem with
respect to LOS and NLOS,

QUSlel:()nﬁ L N
A=B{ow| - Zrttas+ 10|

QUKL cong
S G ezl |

®? nintPs %2
A
QUK cong
x Efexp| — — N (€3)
o= myniPy -
Ar
QUKL £ nc . L.
Now, let s/ = TP and substitute it into the above
trts

function. Then,

Pnfn
Al = E{exp[—sl; — wy; ]}
Z lbO’?EUV 160 las|
be 5,
b;ﬁxf
(C.4)
(a) Pynjn} 2
2 ¢| T efow] e (22 ()
bed{f b077£ .S uGUb i=1
b#xE
nc
X Zlhzbolsz]” (C.5)
I=
® Psn 2 nc
&) E{ I1 (1 e ’U O Z(y,&) ) }
be<1>f, bOUE S ”Eu l:l
b#xE
(C.6)
(C) o0 2 —nc
zexp{—f |:1 — (1+ —scPmnl lb0> :|
le: K
XAL o (lbo)dlbo}, (C.7)

where (a) follows from that Cauchy-Schwarz inequality.
(b) follows from the fact that ZM |7 O|2 follows Chi-
square/gamma distribution with parameters nc and 1. (¢) fol-
lows from the fact that y2 < 1 and the probability generating
functional of a PPP. In a similar way, the other expectation
term Aj is lower bounded. Similarly, we can compute the
expectation B but the density of the interfering IAB donor
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nodes should be scaled by a factor ppigs = 1 — pﬁ/ii, which
means that IAB donor nodes will serve IAB nodes if there
are cache miss users. In a similar way, the other conditional
ASPs of file delivery in (35) can be computed.

REFERENCES

[1] J.Liu, M. Sheng, L. Liu, and J. Li, “Network densification in 5G: From the
short-range communications perspective,” IEEE Commun. Mag., vol. 55,
no. 12, pp. 96-102, Dec. 2017.

Z. Pi and F. Khan, “An introduction to millimeter-wave mobile broadband

systems,” IEEE Commun. Mag., vol. 49, no. 6, pp. 101-107, Jun. 2011.

[3] A. Sabharwal, P. Schniter, D. Guo, D. W. Bliss, S. Rangarajan, and
R. Wichman, “In-band full-duplex wireless: Challenges and opportu-
nities,” IEEE J. Sel. Areas Commun., vol. 32, no. 9, pp. 1637-1652,
Sep. 2014.

[4] T. S. Rappaport, S. Sun, R. Mayzus, H. Zhao, Y. Azar, K. Wang,
G. N. Wong, J. K. Schulz, M. Samimi, and F. Gutierrez, ‘“Millimeter
wave mobile communications for 5G cellular: It will work!,” IEEE Access,
vol. 1, pp. 335-349, 2013.

[5] S. Singh, M. N. Kulkarni, A. Ghosh, and J. G. Andrews, “Tractable
model for rate in self-backhauled millimeter wave cellular networks,”
IEEE J. Sel. Areas Commun., vol. 33, no. 10, pp.2196-2211,
Oct. 2015.

[6] J. Ghimire and C. Rosenberg, “Revisiting scheduling in heterogeneous
networks when the backhaul is limited,” IEEE J. Sel. Areas Commun.,
vol. 33, no. 10, pp. 20392051, Oct. 2015.

[71 NR; Study on Integrated Access and Backhaul, 3GPP, document TR

38.874, 2017.

C. Saha, M. Afshang, and H. S. Dhillon, “Bandwidth partitioning and

downlink analysis in millimeter wave integrated access and backhaul for

5G,” IEEE Trans. Wireless Commun., vol. 17, no. 12, pp. 8195-8210,

Dec. 2018.

[9] M. Polese, M. Giordani, T. Zugno, A. Roy, S. Goyal, D. Castor, and
M. Zorzi, “Integrated access and backhaul in 5G mmWave networks:
Potentials and challenges,” 2019, arXiv:1906.01099. [Online]. Available:
http://arxiv.org/abs/1906.01099

[10] W. Pu, X. Li, J. Yuan, and X. Yang, “Resource allocation for millimeter
wave self-backhaul network using Markov approximation,” IEEE Access,
vol. 7, pp. 61283-61295, 2019.

[11] X.Wang, M. Chen, T. Taleb, A. Ksentini, and V. Leung, “Cache in the air:
Exploiting content caching and delivery techniques for 5G systems,” IEEE
Commun. Mag., vol. 52, no. 2, pp. 131-139, Feb. 2014.

[12] G. S. Paschos, G. Iosifidis, M. Tao, D. Towsley, and G. Caire, “The role
of caching in future communication systems and networks,” IEEE J. Sel.
Areas Commun., vol. 36, no. 6, pp. 1111-1125, Jun. 2018.

[13] K. Shanmugam, N. Golrezaei, A. G. Dimakis, A. F. Molisch, and
G. Caire, “FemtoCaching: Wireless content delivery through distributed
caching helpers,” IEEE Trans. Inf. Theory, vol. 59, no. 12, pp. 8402-8413,
Dec. 2013.

[14] E. Bastug, M. Bennis, and M. Debbah, “Cache-enabled small cell net-
works: Modeling and tradeoffs,” in Proc. 11th Int. Symp. Wireless Com-
mun. Syst. (ISWCS), Aug. 2014, pp. 649-653.

[15] D. Liu and C. Yang, “Caching policy toward maximal success probabil-
ity and area spectral efficiency of cache-enabled HetNets,” IEEE Trans.
Commun., vol. 65, no. 6, pp. 2699-2714, Jun. 2017.

[16] N. Giatsoglou, K. Ntontin, E. Kartsakli, A. Antonopoulos, and
C. Verikoukis, “D2D-aware device caching in mmWave-cellular
networks,” IEEE J. Sel. Areas Commun., vol. 35, no. 9, pp. 2025-2037,
Sep. 2017.

[17] L. Wang, K.-K. Wong, S. Lambotharan, A. Nallanathan, and M. Elkashlan,
“Edge caching in dense heterogeneous cellular networks with massive
MIMO-aided self-backhaul,” IEEE Trans. Wireless Commun., vol. 17,
no. 9, pp. 6360-6372, Sep. 2018.

[18] S. Biswas, T. Zhang, K. Singh, S. Vuppala, and T. Ratnarajah,
“An analysis on caching placement for millimeter—micro-wave hybrid
networks,” [EEE Trans. Commun., vol. 67, no. 2, pp.1645-1662,
Feb. 2019.

[19] M. Duarte, C. Dick, and A. Sabharwal, “Experiment-driven characteri-
zation of full-duplex wireless systems,” IEEE Trans. Wireless Commun.,
vol. 11, no. 12, pp. 4296-4307, Dec. 2012.

[2

(8

—

165001



IEEE Access

T. Zhang et al.: Analysis on Wireless Edge Caching in IBFD FR2-IAB Networks

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

A. Cirik, “Beamforming design for full-duplex MIMO interference
channels—QoS and energy-efficiency considerations,” IEEE Trans. Com-
mun., vol. 64, no. 11, pp. 4635-4651, Nov. 2016.

Z. Chu, F Zhou, P. Xiao, Z. Zhu, D. Mi, N. Al-Dhahir, and
R. Tafazolli, “Resource allocation for secure wireless powered inte-
grated multicast and unicast services with full duplex self-energy recy-
cling,” IEEE Trans. Wireless Commun., vol. 18, no. 1, pp. 620-636,
Jan. 2019.

X. Xia, K. Xu, Y. Wang, and Y. Xu, “A 5G-enabling technology:
Benefits, feasibility, and limitations of in-band full-duplex
mMIMO,” IEEE Veh. Technol. Mag., vol. 13, no. 3, pp.81-90,
Sep. 2018.

X. Xia, K. Xu, D. Zhang, Y. Xu, and Y. Wang, ‘‘Beam-domain full-duplex
massive MIMO: Realizing co-time co-frequency uplink and downlink
transmission in the cellular system,” IEEE Trans. Veh. Technol., vol. 66,
no. 10, pp. 8845-8862, Oct. 2017.

P. Aquilina, A. C. Cirik, and T. Ratnarajah, “Weighted sum rate maximiza-
tion in full-duplex multi-user multi-cell MIMO networks,” IEEE Trans.
Commun., vol. 65, no. 4, pp. 1590-1608, Apr. 2017.

C. Saha and H. S. Dhillon, “Millimeter wave integrated access and back-
haul in 5G: Performance analysis and design insights,” IEEE J. Sel. Areas
Commun., vol. 37, no. 12, pp. 2669-2684, Dec. 2019.

J. Lee and T. Q. S. Quek, “Hybrid Full-/Half-Duplex system analysis
in heterogeneous wireless networks,” IEEE Trans. Wireless Commun.,
vol. 14, no. 5, pp. 2883-2895, May 2015.

M. N. Kulkarni, A. Ghosh, and J. G. Andrews, “A comparison of MIMO
techniques in downlink millimeter wave cellular networks with hybrid
beamforming,” IEEE Trans. Commun., vol. 64, no. 5, pp. 1952-1967,
May 2016.

S. H. Chae and W. Choi, “Caching placement in stochastic wire-
less caching helper networks: Channel selection diversity via caching,”
IEEE Trans. Wireless Commun., vol. 15, no. 10, pp.6626—6637,
Oct. 2016.

Z. Chen, J. Lee, T. Q. S. Quek, and M. Kountouris, “Coopera-
tive caching and transmission design in cluster-centric small cell net-
works,” IEEE Trans. Wireless Commun., vol. 16, no. 5, pp. 3401-3415,
May 2017.

A. Thornburg, T. Bai, and R. W. Heath, ““Performance analysis of outdoor
mmWave ad hoc networks,” IEEE Trans. Signal Process., vol. 64, no. 15,
pp. 4065-4079, Aug. 2016.

S. Park, A. Alkhateeb, and R. W. Heath, “Dynamic subarrays for hybrid
precoding in wideband mmWave MIMO systems,” IEEE Trans. Wireless
Commun., vol. 16, no. 5, pp. 2907-2920, May 2017.

H. Elshaer, M. N. Kulkarni, F. Boccardi, J. G. Andrews, and M. Dohler,
“Downlink and uplink cell association with traditional macrocells and
millimeter wave small cells,” IEEE Trans. Wireless Commun., vol. 15,
no. 9, pp. 6244-6258, Sep. 2016.

M. N. Kulkarni, A. Alkhateeb, and J. G. Andrews, “A tractable
model for per user rate in multiuser millimeter wave cellular net-
works,” in Proc. 49th Asilomar Conf. Signals, Syst. Comput., Nov. 2015,
pp. 328-332.

A. Sharma, R. K. Ganti, and J. K. Milleth, “Joint backhaul-access
analysis of full duplex self-backhauling heterogeneous networks,”
IEEE Trans. Wireless Commun., vol. 16, no. 3, pp.1727-1740,
Mar. 2017.

H.-S. Jo, Y. J. Sang, P. Xia, and J. G. Andrews, ‘“Heterogeneous cellular
networks with flexible cell association: A comprehensive downlink SINR
analysis,” IEEE Trans. Wireless Commun., vol. 11, no. 10, pp. 3484-3495,
Oct. 2012.

H. ElSawy, A. Sultan-Salem, M.-S. Alouini, and M. Z. Win, ‘“Modeling
and analysis of cellular networks using stochastic geometry: A tutorial,”
IEEE Commun. Surveys Tuts., vol. 19, no. 1, pp. 167-203, 1st Quart., 2017.
A. Alkhateeb and R. W. Heath, “Frequency selective hybrid precoding
for limited feedback millimeter wave systems,” IEEE Trans. Commun.,
vol. 64, no. 5, pp. 1801-1818, May 2016.

Z.Zhu, S. Huang, Z. Chu, F. Zhou, D. Zhang, and I. Lee, “‘Robust designs
of beamforming and power splitting for distributed antenna systems with
wireless energy harvesting,” IEEE Syst. J., vol. 13, no. 1, pp. 3041,
Mar. 2019.

165002

TONG ZHANG received the M.Sc. degree in sig-
nal processing and communications from The Uni-
versity of Edinburgh, Edinburgh, UK., in 2016,
where he is currently pursuing the Ph.D. degree
with the Institute for Digital Communications. His
research interests include wireless edge caching,
millimeter-wave communications, and stochastic
geometry.

SUDIP BISWAS (Member, IEEE) received the
Ph.D. degree in digital communications from The
University of Edinburgh (UEDIN), U.K., in 2017.
He held the position of Research Associate at
the Institute for Digital Communications, UEDIN,
from 2017 to 2019. He also has industrial expe-
rience at Tata Consultancy Services, India (Luc-
know and Kolkata), where he held the position of
an Assistant Systems Engineer, from 2010 to 2012.
He currently works with the Department of Elec-
tronics and Communications Engineering, Indian Institute of Information
Technology Guwahati (IIITG), as an Assistant Professor. He leads research
on signal processing for wireless communications, with a particular focus on
5G’s long-term evolution, including transceiver design for full-duplex radios,
wireless edge caching, communications-radar co-existence, and intelligent
reflector surface assisted communication. He was an Organizer of the IEEE
International Workshop on Signal Processing Advances in Wireless Com-
munications (SPAWC), Edinburgh, U.K., in 2016, and has been involved in
EU FP7 projects such as the Remote Radio Heads and Parasitic Antenna
Arrays (HARP) and the Dynamic Licensed Shared Access (ADEL), a DST
UKIERI project on wireless edge caching and an EPSRC project on NoMA.

THARMALINGAM RATNARAJAH  (Senior
Member, IEEE) was the Head of the Institute for
Digital Communications, from 2016 to 2018. Prior
to this, he held various positions at McMaster
University, Hamilton, ON, Canada, from 1997 to
1998; Nortel Networks, Ottawa, Canada, from
1998 to 2002; the University of Ottawa, Canada,
from 2002 to 2004; and Queen’s University
Belfast, U.K., from 2004 to 2012. He is currently
with the Institute for Digital Communications,
The University of Edinburgh, Edinburgh, U.K., as a Professor in digital
communications and signal processing. He has supervised 15 Ph.D. students
and 20 postdoctoral research fellows, and raised more than 11 million USD
of research funding. He was the Coordinator of the EU projects ADEL
(3.7M<€) in the area of licensed shared access for 5G wireless networks,
HARP (4.6M<€) in the area of highly distributed MIMO, the EU Future
and Emerging Technologies projects HIATUS (3.6M€) in the area of
interference alignment, and CROWN (3.4M<€) in the area of cognitive radio
networks. His research interests include signal processing and information
theoretic aspects of 5G and beyond wireless networks, full-duplex radio,
mmWave communications, random matrix theory, interference alignment,
statistical and array signal processing, and quantum information theory.
He has published over 400 articles in these areas and holds four U.S.
patents. He is a member of the American Mathematical Society and the
Information Theory Society and a Fellow of the Higher Education Academy
(FHEA). He was an Associate Editor of the IEEE TRANSACTIONS ON SIGNAL
ProcessiNg, from 2015 to 2017, and the Technical Co-Chair in the 17th
IEEE International Workshop on Signal Processing Advances in Wireless
Communications, Edinburgh, in 2016.

VOLUME 8, 2020



