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ABSTRACT In this paper, we study the problem of topology optimization and routing in integrated
access and backhaul (IAB) networks, as one of the promising techniques for evolving 5G networks. We
study the problem from different perspectives. We develop efficient genetic algorithm-based schemes for
both TAB node placement and non-IAB backhaul link distribution, and evaluate the effect of routing on
bypassing temporal blockages. Here, concentrating on millimeter wave-based communications, we study
the service coverage probability, defined as the probability of the event that the user equipments’ (UEs)
minimum rate requirements are satisfied. Moreover, we study the effect of different parameters such as
the antenna gain, blockage, and tree foliage on the system performance. Finally, we summarize the recent
Rel-16 as well as the upcoming Rel-17 3GPP discussions on routing in IAB networks, and discuss the
main challenges for enabling mesh-based IAB networks. As we show, with a proper network topology,
IAB is an attractive approach to enable the network densification required by 5G and beyond.

INDEX TERMS Integrated access and backhaul, IAB, genetic algorithm, node selection, topology
optimization, densification, millimeter wave, (mmWave) communications, 3GPP, stochastic geometry,
poisson point process, coverage probability, germ-grain model, wireless backhaul, 5G NR, blockage,
relay, routing, tree foliage, machine learning.

. INTRODUCTION

EVERAL reports have shown an exponential growth of

demand on wireless communications, the trend which
is expected to continue in the future [1]. To cope with such
demands, 5G and beyond networks propose various meth-
ods for capacity and spectral efficiency improvement. Here,
one of the promising techniques is network densification,
i.e., the deployment of many base stations (BSs) of differ-
ent types such that there are more resource blocks per unit
area [2]-[5].

The BSs need to be connected to the operators’ core
network via a transport network, the problem which becomes
challenging as the number of BSs increases. Such a transport
network may be provided via wireless or wired connections.
Wired (fiber) connections are typically used for transport
closer to the core network and in the core network, where
we need to handle aggregated traffic from multiple BSs.
Wireless connections, on the other hand, are used for back-
haul transport in the radio access network (RAN) closer to
the BSs.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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As reported in [2], the backhaul technology has large
regional variations. However, on a global scale, wireless
microwave technology has been a dominating media for
the last few decades. Recently, there is an increase in
fiber deployments attributed to geopolitical decisions and
major governmental investments. Thus, going forward, it is
expected that microwave and fiber will be two dominating
backhaul technologies.

Fiber offers reliable connection with high peak data rates.
However, 1) the deployment of fiber requires a noteworthy
initial investment for trenching and installation, 2) may take
a long installation time, 3) may be even not allowed in, e.g.,
metropolitan areas. Wireless backhaul using microwave is a
well-established alternative to fiber, providing 10’s of Gbps
in commercial deployments.! Importantly, microwave is a
scalable and economical backhaul technique that can meet
the increasing requirements of 5G networks. Compared to
fiber, wireless backhauling comes with significantly lower
cost and time-to-market as well as higher flexibility, with
no digging, no intrusion or disruption of infrastructure, and
is possible to deploy in principle everywhere [2].

With the same reasoning and motivated by availability
of massive bandwidth in millimeter wave (mmWave) spec-
trum/network densification, integrated access and backhaul
(TAB) network has recently received considerable atten-
tion [7]-[9]. With IAB, the goal is to provide flexible
wireless backhauling using 3GPP new radio (NR) technology
in international mobile telecommunications bands, and pro-
vide not only backhaul but also the existing cellular services
in the same node and via the same hardware. This, in addition
to creating more flexibility and reducing the time-to-market,
is generally to reduce the cost for a wired backhaul, which
in certain deployments could impose a large cost for the
installation and operation of the BS. Importantly,

« Internal evaluations at Ericsson shows that, even in the
presence of dark fiber, the deployment of IAB network
gives an opportunity to reduce the total cost of owner-
ship in urban/suburban areas. This is partly because the
same hardware can be used both for access and back-
haul, i.e., less extra equipment is required especially for
in-band backhauling.

o An integrated access/backhaul solution improves the
possibilities for pooling of spectrum where it can be
up to the operator to decide what spectrum resources
to use for access and backhaul, rather than having this
decided in an essentially static manner by spectrum
regulators.

In this way, IAB serves as a complement to microwave
and fiber backhaul specially in dense urban and suburban
deployments.

Although IAB can in principle operate in every spec-
trum for which NR operation is specified, the focus of
the 3GPP work on TAB has been on mmWave spectrum.

1. Recent results demonstrate even more than 100 Gbps over MIMO
backhaul links [6].
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This is intuitive because of the access to wide bandwidth in
mmWave spectrum, while the existing LTE spectrum is very
expensive to be used for backhauling. With a mmWave spec-
trum, however, blockage and tree foliage may be challenging,
as they reduce the achievable rate significantly. Properly
planned and optimized networks could reap higher perfor-
mances, and save costs to network operators as they can
avoid static blockages such as buildings/trees [10], [11]. On
the other hand, along with enabling traffic-based load bal-
ancing, routing can well compensate for temporal blockages,
e.g., busses/trucks passing by. However, as the network size
increases in dense areas, which is the main point of interest
in IAB networks, deriving closed-form solutions for optimal
network topology/routing becomes infeasible.

It should be mentioned that the network deployment
optimization can be done offline, and recalculated when-
ever there are substantial changes in the blocking situations,
service rate requirements, and addition of new set of
BSs. Still, the optimization problem quickly becomes very
large, thus motivating a potentially suboptimal machine
learning approach, since an exhaustive search over all pos-
sible deployment options quickly becomes infeasible (see
Section V for further details). In such cases, machine learn-
ing techniques give effective (sub)optimal solutions with
reasonable implementation complexity.

A. LITERATURE REVIEW

The performance of IAB networks have been studied from
different perspectives. Particularly, [12]-[16], develop vari-
ous resource allocation schemes, and [17], [18] study the
effect of time/frequency division duplex based resource
allocation on the throughput of IAB networks. Moreover,
[19]-[21] utilize infinite Poisson point processes (PPPs) to
evaluate the coverage probability of multi-hop IAB networks.
Then, [22], [23] investigate the feasibility/challenges of
mmWave-based IAB networks via end-to-end simulations.
Also, [24] and [25] evaluate the potentials of using IAB
in fixed wireless access and unmanned aerial vehicle-based
communication setups, respectively. In [26] and [27], we
provide an overview of 3GPP Rel-16 discussions on [AB.
Moreover, [27] uses a FHPPP (FH: finite homogeneous), i.e.,
a PPP with a constant density and random distributions of the
nodes in a finite region, to analyze the performance between
the TAB and fiber-connected networks, and verify the robust-
ness of IAB to various environmental effects. Finally, [28]
develops simulated annealing algorithms for joint schedul-
ing and power allocation, and [29] designs a joint precoder
design and power allocation scheme maximizing the network
sum rate.

The problem of routing in IAB networks has been
previously studied in the cases with different numbers of
hops [12]-[16], [30]-[32]. Also, [26] develops a cost-optimal
node placement scheme, and [33] proposes a joint node
placement and resource allocation scheme maximizing the
downlink sum rate of IAB networks. On the other hand, with
different (non-IAB) network topologies/use-cases, various

VOLUME 2, 2021



‘IEEES IEEE Open Journal of the
Comdoc communications Society

machine-learning based solutions have been previously
proposed for topology optimization. For instance, [34]-[43]
develop deep reinforcement (DR) algorithm-based solutions
for topology optimization of different network configura-
tions. Deep Q-learning is used in [44] to evaluate the
cumulative transmission rate in vehicular networks. Spectrum
allocation and access mode selection evaluations are consid-
ered in [45], while the potential of using K-means clustering
algorithm to design ultra-reliable and low-latency wireless
sensor networks is evaluated in [46]. In addition, [47]
and [48] use DR learning-based algorithms to solve the
large-scale load balancing problem for ultra-dense networks.

Note that the mentioned works neither consider the non-
IAB backhaul links distribution optimization nor the joint
optimization of the non-IAB backhaul links distribution and
the TAB nodes placement. This, although is of interest in
practice, may be due to the fact that such optimization
problems are NP-hard with a large search space. Therefore,
one needs to design efficient algorithms which can find
(semi)optimal solutions within a limited simulation period.
Moreover, [12]-[48] concentrate on multi-hop communica-
tions, while the usefulness and challenges of meshed-based
IAB have not yet been studied. Here, it is important to
consider both the performance evaluations and the standard-
ization issues, as meshed TAB has not yet been discussed
in 3GPP 5G NR. These are the motivations for our work as
presented in the following.

B. CONTRIBUTIONS

In this paper, we study the problem of topology optimization
and routing in IAB networks. We study the problem from
different points of views.

« We design effective genetic algorithm (GA)-based tech-
niques not only for IAB node placement but also
for dedicated non-IAB backhaul connection distribu-
tion. Here, concentrating on the characteristics of
mmWave communications, we present the results for
the cases with an FHPPP-based stochastic geometry
model [19], [49]. As the metric of interest, we con-
sider the network service coverage probability which is
defined as the probability of the event that the UEs’
minimum data rate requirements are satisfied.

« We study the effect of temporal blockages and rout-
ing on the coverage probability. In this way, one can
avoid both the long-term and temporal blockages via
topology optimization and routing, respectively. Also,
the setup gives hints on the effectiveness of mesh-based
communication in IAB networks, although it is not yet
considered by 3GPP IAB standardization.

o We summarize the main 3GPP Rel-16 agreements as
well as the upcoming Rel-17 discussions on routing,
and highlight the main challenges which need to be
solved before meshed IAB can be implemented.

o« We study the effect of different parameters such as
antenna gain, blockage and tree foliage on the system
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performance in both cases with well-planned and
random network deployments.

o Finally, we compare the performance of the GA-
based scheme with different state-of-the-art topology
optimization methods. Also, we study the efficiency of
the deployment optimization in the cases with constraint
on the network topology, where the IAB nodes and the
non-IAB backhaul links can not be freely deployed in
every place.

Compared to the related literature, e.g., [10]-[49], we
consider more realistic algorithms and network configu-
rations. Moreover, our discussions on the effect of envi-
ronmental parameters/deployment constraints on the system
performance as well as the 3GPP agreements on IAB-based
routing have not been presented before. Also, we optimize
the IAB network for both node locations and non-IAB back-
haul link placement independently, as well as jointly which
further improves the coverage probability. We compare the
performance of the proposed algorithms with different state-
of-the-art schemes. These make our discussions and the
conclusions completely different from those presented in the
state-of-the-art works.

As we show, machine learning techniques provide effec-
tive solutions for deployment optimization which can be
easily adapted for different channel models, constraints and
metrics of interest with no need for mathematical analy-
sis. Moreover, compared to random deployment, deployment
planning increases the coverage probability of the IAB
networks significantly. On the other hand, with a well-
planned network and for a broad range of blockage/tree
foliage densities, the network can well handle these block-
ages with small routing updates. Finally, while the service
coverage probability of the IAB network is slightly affected
by stationary/temporal blockages in urban areas, for a broad
range of parameter settings, the blockage is not problem-
atic for well-planned routing-enabled IAB networks, in the
sense that its impact on the coverage probability is negligi-
ble. On the other hand, high levels of tree foliage may reduce
the coverage probability of the network in suburban areas;
the problem which can be solved by proper deployment
planning.

Il. IAB IN 3GPP

IAB was introduced as part of Rel-16 of the 5G NR spec-
ification, with the specification finalized in fall 2020 [50].
Currently, Rel-17 work item on IAB enhancements is going
on, which is expected to finish in early 2022 [51].

The overall architecture for IAB is based on the CU/DU
split of the gNB, introduced already in 3GPP Rel-15. With
such architecture, a gNB consists of two functionally differ-
ent parts with a standardized interface (referred to as the F1
interface) in between:

« A Centralized Unit (CU) including the packet data con-
vergence protocol (PDCP) and radio resource control
(RRC) protocols,
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FIGURE 1. Types of network nodes.

e One or several Distributed Units (DUs) consisting
of radio link control (RLC), medium access control
(MAC), and physical layer protocols.

IAB specifies two types of network nodes (see also Fig. 1).

¢ The IAB-Donor-node is the node consisting of CU and
DU functionalities, and connects to the core network
via non-IAB, for example fiber, backhaul.

o The IAB node includes two modules, namely, DU and
mobile terminal (MT). IAB-DU serves UEs as well as,
potentially, downstream IAB nodes in case of multi-hop
wireless backhauling. At its other side, an IAB-MT is
the unit that connects an IAB node with the DU of the
parent/upstream node.

The IAB architecture is thus based on a hierarchical or,
at least, a-cyclical structure where it is well-defined if a
certain node is “above” or “below” a certain other node
and where information flows in well-defined down-stream
and up-stream directions. The possibility for a more mesh-
like structure with no well-defined hierarchy was briefly
discussed during the initial phase of the 3GPP work on
IAB. However, majority of the companies discard the idea
owing to its complexity and no clear benefits.

When it comes to the connectivity with the parent node,
the IAB-MT connects to the DU of its parent node essen-
tially as a normal UE. The Uu interface, i.e., the link between
the parent node DU and the MT of the IAB node then
provides the lower-layer functionality and relays the F1
messages between the donor-node CU and the IAB-node
DU. The specification of the F1 interface only defines the
higher-layer protocols, for example, the signaling messages
between the CU and DU, but is agnostic to the lower-layer
(i.e., transport network layer) protocols. With IAB, the NR
radio-access technology (the RLC, MAC, and physical layer
protocols) together with some IAB-specific protocols, pro-
vides the lower-layer functionality on top of which the F1
interface is implemented. See Fig. 2 showing the user-plane
protocols of a multi-hop IAB network (the control plane has
a similar structure).

A. BACKHAUL ADAPTATION PROTOCOL

Backhaul adaptation protocol (BAP) is a new IAB-specific
protocol responsible for routing and bearer mapping of pack-
ets in the IAB network. More specifically, the BAP layer is
responsible for forwarding of the packets in the intermediate
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FIGURE 3. Structure for the BAP header.

nodes/hops between the IAB-donor-DU and the access IAB-
node. For the downstream traffic, the BAP layer of the
IAB-Donor-DU will add a BAP header to packets received
from the upper layer. Similarly, for the upstream traffic, the
BAP layer of the access IAB-node will add a BAP header
to the upper layer packets. Figure 3 shows the structure
for the BAP header, which contains a 10-bit BAP address
field and a 10-bit BAP path ID field apart from 1-bit flag
and 3 reserve bits for future use. Note that 3GPP specifi-
cations use the BAP Routing ID as a cover term for BAP
address and BAP path ID fields. The purpose of the BAP
address field is to carry the address of the destination IAB-
node, while the Path ID field contains the path identity to
be used for traversing the packets towards the destination
IAB-node. This latter field is important for situations where
multiple paths are configured for an IAB-node to improve
network robustness/resilience and achieve load balancing by
transporting a part of the traffic via each path towards the
IAB-node.

To illustrate the above concept, Figure 4 shows an example
topology for IAB network where two paths (i.e., Path 1
and Path 2) have been configured for IAB-node 5 by the
IAB-donor-CU. This means that the routing tables in the
BAP layer of all the intermediate IAB-nodes (i.e., IABI,
IAB2, TAB3, etc.) are properly configured with next-hop
link information for all the BAP addresses and BAP path
IDs carried in the packets BAP header that these nodes will
route in the network. Furthermore, the IAB-donor-DU will
have mapping rules (configured by the donor-CU) how to
select the BAP address and BAP path ID fields for packets
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FIGURE 4. Example of routing in IAB network.

from the upper layer based on the information in the IP
address fields (i.e., DS/DSCP) of the F1-AP signaling.

Suppose the IAB-donor-DU receives a packet with IP
address fields marked with information that is mapped to
BAP address 5 and BAP path ID 1, the donor-DU will add
a BAP header with proper field values (i.e., address 5 and
path ID 1) and will forward the packet to IAB2. Once IAB2
receives the packet, the node will examine the BAP header
of the packet and based on the BAP address (carried in the
packet) and its routing table information will transmit the
packet towards IAB4. Similarly, I[AB4 will route the packet
to IABS, where the IABS upon examining the BAP header
field of the packet will notice that the packet is destined for it.
Hence, IAB4 will remove the BAP header before delivering
the packet to its upper layer for further processing.

In another scenario, if IAB1 receives a packet (from IAB-
donor-DU) with BAP header containing BAP address 5 and
path ID 2, TAB1 will forward the packet towards IAB3
instead of IAB2, and so on IAB3 will forward the packet to
IAB4. When it comes to the upstream traffic, the BAP layer
of IABS will add a BAP header containing IAB-donor-DU
BAP address and appropriate path ID (either path ID 1 or
path ID 2 based on the configuration information) to pack-
ets received from the upper layer. Next, IABS will forward
the packets to IAB4, which will be further forwarded by
IAB4 either to IAB1 or IAB2 depending on the path ID
field value carried in the packets BAP headers. Once the
packets reach IAB-donor-DU, the DU will remove the BAP
header before delivering the packets to the upper layer for
subsequent processing.

B. IAB EXTENSIONS IN 3GPP RELEASE 17

3GPP is considering further extensions and enhancements to
IAB as part of NR Rel-17. One topic for Rel-17 is to look fur-
ther into the support for dual-connectivity scenarios for IAB.
For the regular network-to-device link, dual-connectivity,
supported for both NR and 4G/LTE, implies that a device
has established a link to multiple cells operating on different
carrier frequencies. In the context of IAB, dual-connectivity
like-wise implies that an IAB-DU is connected to multiple

VOLUME 2, 2021

- -

c

(D E—

ouU
Donor node #1 Parent node #1

ey @l W
M c DU

Parent node #2 Donor node #1 Parent node #2

—;:(«|||»)

, ~———;;(«|||»)
QD

c
Donor node

Intra-CU dual-connectivity Inter-CU dual-connectivity

FIGURE 5. Intra-CU dual connectivity vs inter-CU dual-connectivity.

parent nodes via its collocated IAB-MT. Such IAB dual con-
nectivity can be either intra-CU, that is, the same donor node
is serving both parent nodes. Alternatively, dual-connectivity
can be inter-CU, that is, there are multiple IAB-Donor-nodes
(see Fig. 5). Clearly, the inter-CU dual-connectivity has a
larger impact on the IAB network in terms of specification
work and complexity.

IAB dual-connectivity is envisioned to provide higher
reliability due to an additional redundancy in the wireless
backhaul. It may also enable additional possibilities for load-
balancing within the wireless backhaul, i.e., the possibility
to more dynamically route data via different paths depending
on the instantaneous load conditions on different links.

lll. SYSTEM MODEL

This section presents the system model, including the chan-
nel model, the considered UE association rule as well as
the achievable data rates in the backhaul and access links.
Table 1 summarizes the parameters used in the analysis.

Consider a dense urban area with a two-tier heteroge-
neous network (HetNet), i.e., a two-hop IAB network, where
multiple MBSs (M: macro) and SBSs (S: small) serve the
UE:s (see Fig. 6). In this way, following the 3GPP definitions
(see Section II), the MBSs and the SBSs represent the donor
and the child IABs, respectively, and throughout the paper
we may use the terminologies MBS/SBS and donor IAB/IAB
interchangeably. With the IAB setup, both the MBSs and the
SBSs are used for both access and backhaul. However, the
donor IABs, i.e., the MBSs, are non-IAB backhauled to the
core network.

Note: In practice, a majority of the SBSs receive IAB-type
backhaul from the MBSs wirelessly. However, a fraction of
the SBSs may have access to non-IAB type dedicated back-
haul connections, where such a backhaul can be provided
either by fiber or a wireless radio link operating on a dif-
ferent frequency than the IAB network (see Fig. 6). In this
paper, along with optimizing the SBSs’ locations, one of
our goals is to determine the proper nodes with non-IAB
type backhauling such that the coverage probability is max-
imized. In terms of performance evaluation, our analysis
does not depend on if these non-IAB backhaul links are
provided by fiber or wirelessly. In practice, however, the
network performance may depend on the type of such non-
IAB links; Wireless radio backhaul link is quite flexible, and
one can provide an SBS with wireless non-IAB backhaul as
long as there is a strong LoS connection between the SBS
and an MBS. Fiber connections, on the other hand, may be
available in specific areas, and there may be low flexibility
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TABLE 1. The definition of the parameters.

Parameter | Definition Parameter | Definition

XM FHPPP of the MBSs XU FHPPP of the UEs

Xs FHPPP of the SBSs Xbl FHPPP of the blockings

XT FHPPP of the tree lines Au UEs density

AM MBSs density As SBSs density

Abl Blocking density AT Tree density

P Service coverage probability d Vegetation depth

0 Orientation of the blocking wall © Angle between transmitter and receiver

D Circular disk R Radius of the disk

P Transmission power P Received power

h Fading coeficient G Antenna gain

Y(1m) Reference path loss at 1 meter distance ¥ Propagation path loss

T Location of the node I Propagation distance between the nodes

e Path loss exponent N Number of connected UEs

fe Carrier frequency R Minimum data rate threshold

wy Associated cell W Associated BS in backhaul link

Ny Number of non-IAB backhauled SBSs K Tree foliage loss

Ny Number of SBSs Se Number of possible solution checkings

It Tree line length I Hop length

Atemp Temporal blocking density K Number of random sets in the GA
Number of sets around the Queen in GA Nit Number of iterations in the GA

B Bandwidth P Percentage of bandwidth resources on backhaul

I  mmWave Access
"1 1AB-type backhaul
[ non-lAB-type backhaul

g («uﬁu»»

¥y .
E i i E E E ((LW}))
g ((<[|ﬁﬂ))i 8 g .
i i i @ E i Eﬁnxunilu

In-leaf trees

, :
%E#E*

Tem'l;)oral blocking
D))

s Useful signal

Interference signal

FIGURE 6. Schematic of the considered IAB network. A majority of the SBSs rely on IAB for backhauling. A small fraction of the SBSs, however, may have non-IAB type

backhaul where such a backhauling can be provided by fiber or wirelessly.

in fiber distribution between the nodes. In summary, depend-
ing on the type of the non-IAB backhaul links, to the SBSs,
our non-IAB backhaul link distribution method, presented in
Algorithm 1, may give an ultimate opportunistic potential of
the network performance.

Note that the consideration of two-hop network, e.g.,
[17]1-[19], [27], [52], [53], in our work is motivated by the
fact that, although the 3GPP standardization does not limit
the possible number of hops, as also reported in, e.g.,
[26], [33], [54], [55], traffic aggregation in the backhaul
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links and end-to-end latency become challenging as the num-
ber of hops increases. Moreover, because IAB is of most
interest in dense metropolitan areas with already existing
limited number of fiber links, in most cases appropriate cov-
erage can be provided with a maximum of two hops (For
instance, see the Ericsson simulation results in the London
area [56, Fig. 3] where the required QoS is satisfied mostly
by only a single backhaul hop).

We model the IAB network using an FHPPP based random
distribution of the nodes in a finite region [19]-[21], [29].
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Particularly, without topology optimization, which we use
as the benchmark to evaluate the performance of planned
networks, the FHPPPs xm, xs, xu with densities, Ay, As and
Au, respectively, are used to model the spatial distributions
of the MBSs, the SBSs and the UEs, respectively. With
our topology optimization, however, while the number of
nodes are still determined based on some random process,
the locations of the SBSs as well as the location of the
non-IAB backhaul connections to a fraction of the SBSs are
optimized, in terms of network service coverage probability
(see Section V for the details).

In our setup, in-band communication is considered where
both the access and backhaul links share and operate in
the same mmWave spectrum band. This is motivated by the
fact that in-band communication gives better flexibility for
resource allocation, at the cost of coordination complexity.
For simplicity, assume the network to be distributed over a
circular disk D. However, the model can be well applied on
every arbitrary region D.

For the blockage, we use the well-known germ grain
model described in [57, Ch. 14], which provides accu-
rate blind spot prediction, compared to stochastic models
that assume independent blocking. Particularly, the model
takes induced blocking correlation into account and, thus,
suits well for environments with large obstacles. Here, an
FHPPP xp, models the blockage distribution in the area
D with Ay denoting the density. The blockings are con-
sidered to be walls of length /, and independently and
identically distributed orientation 6. Later, we use a GA-
based approach to optimize the SBSs locations inside the
region D to preferably avoid blockage in the backhaul links.

Following the state-of-the-art mmWave channel model,
e.g., [58], the received power at each node can be
expressed as

Py = PihyyGorym Vor e — xell ™ ke (1)

Here, P, represents the transmit power in each link, and
h; denotes the independent small-scale fading in individual
links. Particularly, in our study Rayleigh fading is considered
for small-scale fading. Thereby, G, denotes the combined
antenna gain of the transmitter and receiver in the link, i,
is the propagation path loss, and y(1,,) is the reference path
loss at one meter distance while «; is the tree foliage loss.

The total path loss, in dB, is characterized according to
the SGCM UMa close-in model described in [59]. Here, the
path loss is characterized by

PL = 32.4 + 10log;¢(n* + 201log;( (%), (2)

where f, is the carrier frequency, r is the propagation dis-
tance between the nodes, and « is the path loss exponent.
Depending on the blockage, line-of-sight (LoS) and NLoS
(N: Non) links are affected by different path loss exponents.
The propagation loss of the path loss model is given by

r“L, if LoS,
Vor = {r“N, if NLoS, 3)
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where «p, and an denote path loss exponents for the LoS
and NLoS scenarios, respectively.

5G and beyond systems are equipped with large antenna
arrays which are used to minimize the propagation loss. We
use the sectored-pattern antenna array model to characterize
the beam pattern and antenna gain, which is given by
Go *HHZPBW <¢< 91-11)%

Gulp) = { “)

g(p) otherwise.

Here, ¢ represents the angle between the transmit and receive
antennas. Furthermore, Oppw is the half power beamwidth,
and Gy denotes the main lobe gain of the antenna while g(¢)
is the side lobe gain [58]. Finally, as in, e.g., [19], [21], [27],
for tractability we assume that the UE antenna gain to be
0 dB due to its omni-directional beam pattern, although UE
beamforming in mmWave is an interesting future work to
incorporate.

Unless otherwise stated and in harmony with, e.g.,
[19]-[21], [27], we assume that the backhaul links are noise-
limited. This assumption, which has been verified in [27],
is motivated by the high beamforming capacity in the inter
IAB backhaul links and the fact that simultaneous transmis-
sion/reception is not considered in our setup. Then, Section V
validates this assumption, and we verify the effect of the
backhaul interference on the coverage probability. Also, the
inter-UE interference is neglected with the assumption of suf-
ficient isolation and low power of the UEs [24]. Particularly,
the interference model focuses on the aggregated interference
on the access links, caused by the neighboring interferers,
which for UE u is expressed as

2

i,UEXi,u\{Wu}

L= PihiuGiaim Vo 1% = Xl =1 (5)
where i denotes the set of BSs excluding the associated BS

wy of user u. Also, for SBS s, the aggregated interference
on the backhaul links is given by

2

j»SEXj,s\{WS}

I = x—x|~, (6

Pjhj,st,x)/(] m) Vx;j,xs

where j denotes the set of transmitting BSs excluding the
associated BS wg of SBS s.

We use an FHPPP denoted by xt with density At to
model the spatial distribution of the tree lines of length
It [60]. The tree foliage loss is estimated using the Fitted
International Telecommunication Union-Radio (FITU-R) tree
foliage model [61, Ch. 7]. The model is well known for
its applicability in cases with non-uniform vegetation and
frequency dependency within 10-40 GHz range. Particularly,
considering both in-leaf and out-of-leaf, vegetation states, the
tree foliage loss in (1) is expressed as

_ {0.39f§-39d0-25, in-leaf

~ 103770184059 out-of-leaf, )

where d is the vegetation depth measured in meter.
In our setup, each UE has the ability to be connected
to either an MBS or an SBS depending on the maximum
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average received power. Let a, € {0, 1} be a binary variable
indicating the association with 1, while O representing the
opposite. Thus, for the access links

L if PiGyxhy xy(imy Vex(llz — x|t
> PiGjheyVamvay(lz —yID ™",
. 3
Vye€ x,Jj€{m,s}xe x,
0, otherwise,

where i, j denote the BS indices, i.e., MBS or SBS. As in
(Section III) for each UE u, the association binary variable
a, becomes 1 for the cell giving the maximum received
power at the UE, while for all other cells it is 0, as the UE
can only be connected to one IAB node.

Since the MBSs and the SBSs have large antenna arrays
and can beamform towards the desired direction, the antenna
gain over the backhaul links can be assumed to be the same,
and backhaul link association can be well determined based
on the minimum path loss rule, i.e., by

1if py, (lz—xID7" = o, Iz —yID) 7",
V'Y € XmlX € xm, )
0, otherwise.

abp.m =

For resource allocation, on the other hand, the mmWave
spectrum available is partitioned into the access and backhaul
links such that

{ Bpackhaul = 1/fB’ (10)

BAccess = (1 - 1#)3,

In practice, along with the MBSs which are non-IAB
backhaul-connected, a portion of the SBSs may have dedi-
cated non-IAB backhaul connections, resulting in a hybrid
IAB network. Therefore, in our deployment, some of the
SBSs are IAB backhauled wirelessly and the others are
connected to dedicated non-IAB backhaul links.

Let us initially concentrate on the IAB-type backhauled
SBSs. Also, let, Bpackhaul and Baccess denote the backhaul and
the access bandwidths, respectively, while total bandwidth
is B = Bpackhaul + Baccess- The bandwidth allocated for each
[IAB-type wirelessly backhauled SBS, namely, child IAB,
by the MBS, i.e., IAB donor, is proportional to its load
and the number of UEs in the access link. The resource
allocation is determined based on the instantaneous load
where each [AB-type backhauled SBS informs its current
load to the associated MBS each time. Thus, the backhaul-
related bandwidth for the j-th IAB node, if it does not have
dedicated non-IAB backhaul connection, is given by

YBN; .

B aulj = —=——, YV, 11

backhaul, ZVij ] (11)

where N; denotes the number of UEs connected to the j-th
IAB-type backhauled node and ¥ € [0, 1] is the fraction
of the bandwidth resources on backhauling. Therefore, the
bandwidth allocated to the j-th ITAB-type backhauled node is
proportional to the ratio between its load, and the total load
of its connected IAB donor. Meanwhile, the access spectrum
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is equally shared among the connected UEs at the IAB node
according to

I—-v)B

B = —=——, Vu,
access,u Zv uNju
where u denotes the UEs indices, and j represents each IAB-
type backhauled node. Moreover, N; , is the number of UEs
connected to the j-th IAB-type backhauled node to which UE
u is connected. Finally, the signal-to-interference-plus-noise
ratio (SINR) is obtained in accordance with (5) by

(12)

SINR = Pr/(lu + 0—2), (13)
where o2 is the noise power.

With our setup, the network may have three forms of
access connections, i.e., MBS-UE, IAB-type backhauled
SBS-UE, non-IAB backhauled SBS-UE, and the individual
data rates will behave according to the form in which the
UE’s connection has been established. Particularly, the rates
experienced by the UEs in access links that are connected
to MBSs or to the IAB type-backhauled SBSs are given by

% log(1 4 SINR(x,)),

- 1—y)BN
mm( 1 log(1 + SINR(x,)),

VBN .
S log(1+ SINR(w) ). if wu € x.
(14)

if wy € xm,

R, =

where j represents each IAB-type backhauled SBS connected
to the MBS. Then, m gives the associated MBS, s denotes
the SBS, and u represents the UEs’ indices. Unlike an MBS
which shares some of its bandwidth with IAB-type back-
hauled SBSs, a non-IAB backhauled SBS has a bandwidth
of B for access, and does not need to share its bandwidth
for backhauling. Thus, the UEs connected to a non-IAB
backhauled SBS experience the rate given by
R, = ]5 log(1 + SINR(xy)), if wy € xs, (15)
u
where N, denotes the total number of UEs connected to the
non-IAB backhauled SBS of which the considered UE is
associated. Depending on the associated cell, there are three
possible cases for the data rate of the UEs. First is the case
when the UEs are connected to the MBSs, i.e., IAB donor,
as denoted by wy € xm in (14). Since the MBSs have non-
IAB backhaul connection, the rate will only depend on the
access bandwidth available at the UE. In the second case,
the UEs are connected to the IAB-type backhauled SBSs,
as denoted by wy € x5 in (14). Here, the SBSs have shared
backhaul bandwidth from the IAB-Donor-nodes, i.e., MBSs,
and thus the UEs data rates depend on the backhaul rate of
the connected IAB-type backhauled SBS as well. Thus, in
this case the UE is bounded to get the minimum between
backhaul and access rate. Then, the third case is when the
UEs are associates with the non-IAB backhauled SBSs as
denoted in (15). Unlike in the previous case, here the SBSs
have full bandwidth B which is not shared with backhauling.
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In the following, we present the GA-based schemes to
optimize the locations of the SBSs as well as the non-IAB
backhaul link distribution to a fraction of the SBSs such that
the network service coverage probability is maximized.

IV. PROPOSED ALGORITHM

In general, Rel-16 IAB network supports NLoS backhauling.
However, the performance of the IAB networks is consid-
erably affected by the quality of the backhaul links, where,
if possible, it is preferred to have IAB-IAB channels with
strong LoS signal strength. Also, in hybrid networks where a
fraction of the SBS nodes may be backhauled via dedicated
non-IAB backhaul links, it is important to obtain the set of
SBSs that are critical to be non-IAB backhaul-connected for
optimal performance. However, depending on the network
size, it may be difficult to obtain the appropriate location
of the SBSs and/or the non-IAB backhaul link placement
scheme for SBSs analytically.

For instance, with Ny SBSs and a budget of having Nt
non-IAB backhauled SBSs, there are (%;) possible combi-
nations of non-IAB backhauled SBS selections. Therefore,
the optimal set of SBSs suitable for non-IAB backhaul link
placement can indeed be obtained via exhaustive search for
the cases with few SBSs. However, as the network size
increases, it is not feasible to search over all possible solu-
tions. The problem becomes even more challenging with
determining the optimal locations of the SBSs as they can
be distributed in the whole network area. Thus, it is impor-
tant to design efficient algorithms to obtain the (sub)optimal
SBS locations as well as dedicated non-IAB backhaul link
placement with low complexity.

With this background, the state-of-the-art works mainly
concentrate on either modeling the network by placing the
BSs on a grid or distribute them randomly based on stochas-
tic geometry models. However, none of these models are
accurate, as they give an optimistic or a pessimistic estimate
of the network performance, respectively. Also, in practice,
the network may be well planed such that, at least, high-
quality backhaul links are guaranteed. This is the motivation
for our GA-based approach in which we propose a fairly
simple network deployment optimization algorithm with no
need for detailed mathematical analysis. This is important
specially because

e as we show in the following, with a well-planned
network topology the need for routing, to compen-
sate for temporal blockages, decreases which results
in considerable implementation complexity reduction.

o Moreover, with our proposed GA-based approach it is
possible to scale the network with proper deployment
as more IAB nodes/non-IAB backhaul link connections
are added to the network.

o Finally, due to the generic characteristics of machine
learning schemes, one can apply the same technique as
our proposed GA method for both non-IAB backhaul
link placement and SBS location optimization, as well

VOLUME 2, 2021
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backhauled SBSs

Utility function
246814 742 Queen
256814
2461014

+

solution1[1 369 15]  channel model
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156911

Find Queen 1
i = souoonz: iy
- . [246814]

J mutations
of the Queen

Generate next

K-J-1 random
solution
generation

Solutionk 1346813 124712

Iterate N;, times

FIGURE 7. An example of the proposed GA in Algorithm 1 for non-IAB backhaul link
distribution between a fraction of the SBSs. In each iteration, the best solution (the
Queen) is regenerated. Then, J solutions are generated by small mutations in the
Queen and K — J — 1 possible solutions are generated randomly to avoid local
minimums. The iterations continue for a number of times and the Queen of the last
round is returned as the final solution.

as for the cases with different channel models/metrics
of interest.

It should be noted that, we are interested in the potential
of optimal partial non-IAB type backhaul connections in
order to find an upper bound on the performance of any real
network that might be constrained. Such a constrained partial
non-IAB type backhaul link deployment optimization would
also be an interesting extension of this work, and any such
network performance would be in between the optimized and
the random partial non-IAB type backhaul link deployment.

Particularly, in this paper, we propose two GA-based
approaches [62] to identify the optimal SBSs to be non-IAB
backhaul-connected and the optimal locations for the SBSs,
as explained in Algorithms 1 and 2, respectively. The algo-
rithms are used to maximize the service coverage probability
defined as the fraction of the UEs which have instantaneous
UE data rates higher than or equal to a threshold Ry,. That
is, using (14) and (15), the service coverage probability is
given by

p="Pr(Ry = n). (16)

In words, both algorithms are based on the procedure
described below. As shown in Fig. 7, we start the algorithm
by considering K possible selection strategies. For instance,
Algorithm 1 considers K possible SBS sets for non-IAB
backhaul link placement and Algorithm 2 considers K pos-
sible location sets for the SBSs. Then, in each iteration,
we find the best strategy, i.e., selected solution, that maxi-
mizes the considered utility function, compared to the other
K — 1 selected strategies. This best strategy is referred to as
the Queen. The Queen is considered as one of the possible
solutions in the next iteration of the algorithm to guarantee
the monotonic improvement of the algorithm performance in
successive iterations. That is, the Queen represents the regen-
eration operator in GA. Also, for each iteration we create
J < K sets around the Queen. These matrices are created by
applying slight modifications to the Queen, i.e., as a kind
of mutation. For example, changing few SBSs of the set
associated with the Queen generates these new sets needed
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for optimal SBS selection for non-IAB backhaul link place-
ment in Algorithm 1. Also, in each iteration K —J — 1 sets
of selection strategies are generated randomly, to avoid the
network to be trapped in a local minimum, and the iterations
continue for Nj iterations decided by the network designer
depending on the problem at hand (See Section V). After run-
ning all considered iterations, the ultimate Queen is returned
as the best selection rule for the current network instance.
Particularly, Algorithm 1 returns the optimal SBS selection
rule for non-IAB backhaul link placement, while Algorithm
2 returns the optimal SBS location selection rule. The suit-
able parameter setting for K, J and Nj; in the algorithms can
be obtained by the designer.

Considering Algorithms 1 and 2, the following points are
interesting to note:

o Our proposed algorithms result in significantly lower
complexity, in comparison with the exhaustive search,
as it only checks KNj number of possible solutions (see
Section V).

e Moreover, due to Step 7 of the algorithms, where
K —J—1 random possible solutions are checked in each
iteration, the proposed algorithms mimic the exhaus-
tive search if Nj; — oo, and they reach the globally
optimal selection rule if asymptotically many iterations
are considered [62].

« Unlike typical GAs, we do not use the crossover oper-
ation and instead evaluate a few random solutions in
each iteration. This is because the proposed algorithms
work well with no need for the additional complex-
ity of the crossover operation, and converge with a
few iterations (see Section V). However, it is straight-
forward to include the crossover into the proposed
algorithms where, for instance, the Queen and the next
best solutions are combined to generate new possible
solutions.

o The proposed algorithms optimize the network deploy-
ment off-line. However, it is straightforward to scale
the network and adapt the algorithm in an on-line
manner. For instance, adding new set of SBSs to an
already-planned network deployment, one can rerun the
algorithm for only a few iterations with the initial con-
sidered solutions not randomly but based on the Queen
of the already-planned network.

Since the considered problem is polynomial time
reducible, it is NP-hard [63], [64]. Moreover, unless for the
cases with very small networks, the search space increases
rapidly with the network density which makes exhaus-
tive search based optimization infeasible. As an example,
the number of possible solution checkings of exhaustive
search when optimizing the selection of non-IAB backhaul
connected SBSs in a fixed network area is given by

o
c — Nf’

where (Z) denotes the “n choose k” operator. In this way,
for moderate/large values of Ny and/or N, the search space

A7)
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Algorithm 1 GA-Based Non-IAB Backhaul Link Placement
In each network instance with a budget for Ny non-IAB
backhaul-connected SBSs, and Ny > N¢ SBSs, do the
followings:

I. Consider K sets of Ny non-IAB backhaul-
connected SBSs, F}, and for each set create the
corresponding channel matrix. Then, for each
matrix Hy, k = 1..., K, implement the system
model in Section III.

II. For each selected possible solution Fj, evalu-
ate the objective function Ui, k = 1, ...., K. For
instance, considering the service coverage proba-
bility p as the objective function, Uy is given by
(16).

II. Find the set of the SBSs among the considered
solutions Fy, Vk, which gives in the best value of
the objective function, service coverage probabil-
ity (the Queen), e.g., F; where p(Hr) < p(H;),
Vk=1,...,K.

IV. F| < F;

V. Generate J < K, sets of SBSs Fj‘.‘ew,j =1,...,J,
around the Queen, i.e., F;. These sets of SBSs are
generated by making small changes to the Queen,
for instance, by replacing few SBSs with other
SBSs.

VI Fiq <—F/‘.“3W,j= 1,...,J.

VII. Use the same procedure as in Step 1 and regen-
erate the remaining sets Fi,j = J + 2,...,K,
randomly.

VIII. Proceed to Step 2 and continue the process for Nj
iterations pre-considered by the network designer.
Return the Queen as the optimal SBS selection
rule for non-IAB backhaul link placement.

soon becomes so large that exhaustive search is not feasi-

ble. However, the complexity of Algorithm 1 for a similar

use case will be in the linear order of KNj;, reducing the

complexity compared to exhaustive search significantly.
Finally, it should be noted that:

« Depending on the infrastructures and the availability of
non-IAB backhaul link connection, in practice it may
not be possible to provide some SBSs with a non-IAB
backhaul link connection (either fiber or a dedicated
LoS nonlAB wireless backhaul). This is because the
those connections may be available in specific areas.
In this way, as explained in Section III, Algorithm 1
gives an optimistic ultimate network performance, as
we consider no limitation for non-IAB backhaul link
distribution among the SBSs. Then, depending on the
specific network deployment, it is straightforward to
adapt Algorithm 1 to consider restrictions on non-IAB
backhaul link distribution among the SBSs.

o According to the 3GPP discussions, one can con-
sider two different, namely, wide-area and local-area,

VOLUME 2, 2021



‘IEEES IEEE Open Journal of the
Com3oc  communications Society

Algorithm 2 GA-Based SBS Location Selection
In each network instance with Ny SBSs, from all possible
locations in the space, do the followings:

I. Consider K sets of L locations, and for each
set create the corresponding channel matrix Hy,
k = 1...,K, according to the system model in

Section V.
II. Evaluate the objective function for each set, i.e.,
Uk, k = 1,...,K. For instance, considering the

service coverage probability p as the objective
function, Uy is given by (16).

III. Find the Queen, i.e., the set of locations which
gives the best value of the objective function,
i.e., service coverage probability, among the con-
sidered sets, e.g., L; where p(Hy) < p(H)),

Vk=1,...,K,

IV. L) <— L;

V. Generate J < K, sets of locations L]‘.‘ew, j =
1,...,J, around L;. These sets of locations are

generated by making small changes to the Queen,
for instance, by replacing few locations with
another sets of locations.
VL Ly <— L;‘ew,jz I...,J.
VII. Use the same procedure as in Step 1 and regen-
erate the remaining sets Lj,j = J + 2,...,K,
randomly.
Proceed to Step 2 and continue the process for Ny
iterations pre-considered by the network designer.
Return the Queen as the optimal SBS location
selection rule.

VIIL

IAB network deployments. Local-area IAB deployment
refers to the cases with an unplanned network where
the mobile terminal (MT) module of the IAB nodes
have UE-type functionality, in terms of transmit power
etc. Wide-area IAB network, on the other hand, refers
to the cases with well-planned deployment and gNB-
type functionalities for the IAB nodes. In this way, the
proposed scheme mainly concentrates on the wide-area
IAB network deployment, as the main use-case of the
IAB networks.

V. PERFORMANCE EVALUATION OF DEPLOYMENT
OPTIMIZATION
The simulation results and discussions are divided into three
main areas in which 1) we evaluate the convergence behavior
of the proposed algorithms, and we study their effect on
optimizing the IAB network performance, 2) verify the effect
of environmental parameters on the coverage probability, and
3) evaluate the system performance for different transmission
capabilities of the nodes. Then, in Section VI, we investigate
the effect of routing on the performance of IAB networks
experiencing temporal blockings.

The general system parameters are presented in Table 2
and, in each figure, we give the detailed system parameters
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TABLE 2. Simulation parameters.

Parameters Value

Carrier frequency 28 GHz

Bandwidth 1 GHz

IAB node and UEs density | {MBS, SBS, UE} = (2, 50, 500) /km?
Blocking density 500 /km?

Path loss exponents {LoS, NLoS} = (3, 4)
Main lobe antenna gains {MBS, SBS, UE} = (18, 18, 0) dBi
Side lobe antenna gains {MBS, SBS, UE} = (-2, -2, 0) dBi

Half power beamwidth 30

Noise power 5dB

Percentage of non-IAB back- | 10%

hauled SBS nodes

In-leaf percentage 15%

Tree depth 7.5 m
0.9

o
%

Unconstrained optimization

e
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o
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non-IAB backhaul

links optimized with GA R dom network deployment

N
S

e
9

Service coverage probability p
f=}
W

o
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o
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Number of iterations N”

FIGURE 8. Service coverage probability as a function of the number of iterations in
Algorithm 1 with non-IAB backhaul link connection distribution, and

Pm, Ps, Py = (40, 24, 0) dBm. The parameters are set to Ay = 2 km_2, g =50 km—2
and Ay = 500 km~2. The results are presented in both cases with constrained and
free non-IAB backhaul link distribution in the coverage area.

in the figure captions. The IAB network is deployed in a 2D
disk, in which the blockage, and the tree distributions are also
modelled using statistical models described in Section III. In
particular, the network is a hybrid IAB deployment, of which
a fraction of the SBSs will be non-IAB backhaul-connected
while the others are backhauled using IAB. In all figures,
except for Fig. 13 which studies the system performance in
suburban areas, we focus on dense areas as the most impor-
tant use-case in IAB networks. Also, in all figures, except
in Fig. 15, we ignore interference in the backhaul links,
and assume them to be noise-limited. In Figs. 8, 12, 10-13,
we study the system performance in the cases with non-
IAB backhaul link placement optimization (Algorithm 1).
Figures 9, 11, 14 and 17 present the results for the cases
with Algorithm 2 optimizing the SBSs locations.

A. ON THE PERFORMANCE OF THE PROPOSED
ALGORITHMS

In Figs. 8-9, we study the convergence performance of the
proposed algorithms, and compare the results with the cases
having only MBSs or random network deployment. Figure 8
shows the service coverage probability achieved for different
numbers of iterations in Algorithm 1 with optimal non-IAB
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SBS location and non-IAB backhaul links jointly
optimized with GA

o
o0

SBS location
optimized with GA

S
o

=
'S

42
MBSs only, A =2 km™
S OMY, Ay < km Random network deployment

Service coverage probability p

I 2, _ 22
/\M72/\m ,/\S 50 km ,/\U 500 km

0 10 20 30 40 50
Number of iterations Nn

FIGURE 9. Service coverage probability as a function of the number of iterations in
Algorithm 2 with IAB node pl 1t optimization, IAB node pl 1t and non-IAB
backhaul links joint optimization and Pm, Ps, Py = (40, 24, 0) dBm. The parameters
are settoipy =2 km_z, g =50 km—2 and Ay =500 km—2,

Random network x"'
deployment .,

Side lobe gain = 4 dB
Side lobe gain = -2 dB

-2 _ -2 _ -2
/\M—Z km™, /\S—Z() km™, /\L_—50() km
non-IAB backhaul links

and SBS location

-e-SBS antenna power P =24 dB
Jointly optimized network - [

-« SBS antenna power P =20 dB

Cumulative distribution function (CDF)

460 600 800
UE data rate (Mbps)

200 1000 1200

FIGURE 10. CDF of the achievable rates with Py, Py = (40, 0) dBm for SBS location
and non-IAB backhaul links joint optimization. The par s are set to
Ay =2km~2, kg =20 km~2 and Ay = 500 km~2,

backhaul link connection distribution and different algorithm
parameters K and J. Here, the results are presented for the
cases with 10% of the SBSs having the possibility to be
non-IAB backhaul-connected. Then, Fig. 9 demonstrates the
IAB network service coverage probability as a function of
the number of iterations in Algorithm 2, and compares the
results with the benchmark schemes using only MBSs or
random network deployment of which 10% of the SBSs are
non-IAB backhaul-connected.

As in every machine learning-based algorithm applied in
large systems, the main challenge of the proposed scheme
is to achieve reasonably good results within limited itera-
tions. This is challenging specially in the cases with large
network density and/or joint optimization of the non-IAB
backhaul links distribution and TAB nodes placements, as
the search space increases rapidly. However, as shown in the
evaluations (Figs. 8-9), with a proper setting of the algo-
rithms parameters, the GA converges with a few number of
iterations.
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As seen in Figs. 8 and 9, the developed Algorithms 1
and 2 converge rapidly to give a maximum service cover-
age probability. For example, Fig. 8 converges with almost
Njt = 20 iterations which, with K = 6, leads to a total of 120
possible solution checkings. As a result, the proposed algo-
rithm reduces the complexity compared to exhaustive search
significantly because with As = 50 km™2 and the network
area of 1 km™2 exhaustive search requires (550) ~ 2 x 10°
solution checkings, i.e., >~ 17000 times larger search than
those in our proposed scheme. In particular, the proposed
algorithms have improved the service coverage probability,
compared to the IAB network with random node locations
and random non-IAB backhaul connections, significantly.
For instance, with the parameter settings of Fig. 8, opti-
mizing the non-IAB backhaul link distribution among 10%
of the SBSs increases the coverage probability from 40%
with random non-IAB backhaul link distribution to 85%.
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Moreover, with the parameter settings of Fig. 9, optimizing
the SBSs location leads to a coverage probability increment
from 40% with random network deployment to 55%, while
the joint optimization of non-IAB backhaul link distribution
and SBS location further improves the coverage probability
reaching the maximum of 100%.

In the simulations, we considered no constraints on the
SBSs and non-IAB backhaul links locations. However, in
practice, it may not be possible to place the SBSs and
the non-IAB backhaul links freely. To evaluate this point,
in Fig. 8 we study the system performance in the cases
with constraints on the non-IAB backhaul link distribution.
Particularly, Fig. 8 shows the coverage probability in the
cases where the non-IAB backhaul links can not be placed
in 40% of the area selected randomly. Here, the results
presented for both cases with random and optimized dis-
tributions of the non-IAB backhaul links in the 60% of the
coverage area. As seen in Fig. 8, although the constraint on
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topology optimization may limit the benefit of TIAB, still the
system performance is improved compared to the cases with
only MBSs. Also, for a broad range of parameter settings, the
effect of topology constraints on the network performance
is not significant.

Finally, as expected and also demonstrated in Figs. 8-9,
as the UEs density increases, MBSs alone can not sup-
port the UEs’ coverage probability requirements, and indeed
we need to densify the network using (IAB) nodes of dif-
ferent types. In this way, as also experienced in practical
network implementations, a well-planned network deploy-
ment results in significant performance improvement, which
reduces the need for high network node density as well as
the implementation cost.

Note that, while Figs. 8-9 show monotonic improvement
of the system performance in successive iterations, in some
iterations the proposed algorithms may follow a ladder-shape
convergence pattern. This is because the service coverage
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probability does not necessarily improve in each iteration,
and there is a possibility to reach a local optimum in some
iterations. However, we always elude the local minima due to
Step 7 of Algorithms 1 and 2. Thus, given that sufficiently
large number of iterations are carried out, the algorithm
converges to a (sub)optimal solution.

In Figs. 10 and 11, we study the cumulative distribution
function (CDF) of the UEs achievable data rates in the cases
with SBS location optimization as well as joint non-IAB
backhaul link distribution and SBS location optimization,
and compare the results with random network deployment.
Here, the parameters are set to Ay = 2 km’z, As =20 km 2
and Ay = 500 km™2, and in all cases 10% of the SBSs are
non-IAB backhaul-connected. Also, the joint optimization
follows the same setup as in Algorithms 1-2.

As can be seen in Fig. 10, with a random deployment
and the parameter settings of the figure, (almost) all UEs
maximum achievable rates are below 400 Mbps, the result
which holds for both considered values of the IAB nodes
transmit powers and side lobe gains. On the other hand,
jointly optimizing the non-IAB backhaul link distribution and
SBSs locations gives the chance to support higher access data
rates, depending on the UEs position and their associated
backhaul links qualities. For instance, as opposed to the
cases with random network deployment, with Py = 24 dBm
around 25% of the UEs may experience > 400 Mbps access
rates, if the non-IAB backhaul link distribution and the SBSs
locations are properly planned (Fig. 10).

In our simulations, we consider relatively low side lobe
gains, compared to the main lobe gain. This is motivated
by the fact that, to guarantee high-rate reliable backhaul
performance at mmw spectrum, IAB nodes are expected to
be equipped with a large number of antennas and be capa-
ble of directional beamforming. However, depending on the
hardware properties, in practice there may be cases with rel-
atively high side lobe gains [65]. For this reason, in Fig. 10
we study the effect of the side lobe gain on the network
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performance, and verify the coverage probability for dif-
ferent values of side lobe gains. As demonstrated in the
figure, while the coverage probability is slightly reduced by
increasing the side lobe gain, for a broad range of parameter
settings, the relative performance loss is negligible.

In harmony with Fig. 10, Fig. 11 shows that, the SBS
location-optimized network can support UEs data rates up
to 1200 Mbps while non-IAB backhaul link distribution
and SBS locations jointly optimized network can support
UEs data rates up to around 1400 Mbps. In this way, the
joint optimization improves the performance, compared to
optimizing one of the parameters, at the cost of higher
computational complexity. Finally, note that, along with sim-
plifying the optimization process, one of the motivations
for separate optimization of the SBSs locations and non-
IAB backhaul links distribution is that in practice the SBSs
and the non-IAB backhaul links many be deployed by dif-
ferent companies or in different times, which makes joint
optimization difficult.

B. EFFECT OF BLOCKING AND TREE FOLIAGE

In contrast to the non-IAB backhaul-connected networks,
IAB networks may be affected by environmental effects
specially the blockage and the tree foliage.> In Figs. 12
and 13, we respectively study the effect of the blockage
and tree foliage on the coverage probability of the IAB
network with random deployment or GA-optimized non-IAB
backhaul link distribution. Here, the results are presented
for different rate thresholds of the UEs, i.e., n in (15). In
particular, Fig. 12 shows the service coverage probability
considering the FHPPP-based germ-grain blockage model
for different blocking densities.

Although urban areas are the main point of interest for
IAB network, to study the potentials of its usage in subur-
ban areas, in Fig. 13 we demonstrate the service coverage
probability as a function of the tree density in the sub-
urban areas. Here, we present the results for the average
hop distance [, = 450 m corresponding to SBSs density,
As = 8 km™2. This is motivated by, e.g., [66], reporting the
tree foliage as one of the main challenges of IAB in sub-
urban areas. According to Figs. 12—13, the following points
can be concluded:

o The GA-based planned deployment shows significant
improvement and resilience to blockage and tree foliage,
compared to random deployment, where the cover-
age probability is not much affected by the blockage
(Fig. 12). For instance, with the given system con-
figuration in Fig. 12, the GA optimized setup shows
0.85 service coverage probability at n = 150 Mbps,
A = 1000 km~2, while the coverage probability
reduces to 0.72 at Ag = 2000 km~2, i.e., only 15%
coverage loss by doubling the blockage density. On

2. As reported in [25], with the typical hop lengths of the IAB networks
and 28 GHz, the effect of the rain on the coverage probability of IAB
network is negligible.
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the other hand, with a random network deployment,
n = 150 Mbps and A = 1000, the coverage prob-
ability is only 0.4 and it is dropped to 0.23, i.e.,
42% performance degradation, as the blockage density
increases to Ag = 2000 km~2,

o In suburban area and with a random network deploy-
ment, the coverage probability is considerably affected
by the tree foliage, especially when the trees density
and/or length increase. However, we note that the intro-
duction of GA optimization on selecting the SBSs with
non-IAB backhaul-connection has brought resilience to
the tree foliage. This is due to the fact that the algo-
rithm finds the optimum set of nodes minimizing the
SBS links with high losses due to tree foliage. For
instance, considering the settings of Fig. 13 and the
random FHPPP model with Iy = 15 m, the service
coverage probability drops from 0.75 to 0.55 (26% cov-
erage degradation) when the tree density is increased
from 250 to 1250 km™2. However, the same tree density
increase at [T = 15 m in GA-optimized network gives a
drop only from 0.88 till 0.83, i.e., only 5% performance
drop, the result which is almost independent of the tree
length.

In general, the robustness of IAB in the presence of tree
foliage is hard to predict due to the fact that the link quality
can vary depending on the characteristics of the tree lines.
Particularly, the backhaul links quality may change due to
wet trees, snow on the trees, wind and varying percentage
of leaves in different seasons. However, we conclude that,
although the IAB is prone to medium/highly densified tree
foliage in suburban areas, network planning can reduce much
of its adverse effect, and the mmWave IAB is expected to
work well for areas with low/moderate foliage level.

C. EFFECT OF ANTENNA GAIN AND TRANSMIT POWER
In Fig. 14, we demonstrate the service coverage proba-
bility as a function of the SBS transmit power for three
scenarios, namely, random FHPPP-based deployment, GA-
based non-IAB backhaul link distribution and GA-based SBS
location optimization. Also, Fig. 15 shows the service cov-
erage probability as a function of the SBS antenna gain
for random FHPPP-based deployment with 10% non-IAB
backhaul-connected SBSs, macro-only network and GA-
optimized non-IAB backhaul link distribution between 10%
of the SBSs. In addition, to verify the effect of interference
in the backhaul links, the figure shows the service coverage
probability in the presence of both noise-limited and noise
plus interference limited backhaul links. Here, we increase
the SBS antennas’ main lobe gain, while fixing the side lobe
gain at —2 dB.

As we observe in Fig. 14, both GA-optimization methods
used for selecting the dedicated non-IAB backhauled nodes
and selecting SBSs locations have significantly increased the
system coverage probability, compared to random deploy-
ment, and the relative effect of network planning increases
with the SBSs’ transmit power (Fig. 14). Moreover, with
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different deployment conditions and the considered range of
transmit powers, the coverage probability increases almost
linearly with the SBSs transmit power, while the relative ben-
efit of the transmit power increment increases in the cases
with a well-planned network (Fig. 14). Also, Fig. 15 demon-
strates that, for the considered parameter setting of the figure
and moderate/high antenna gains, the system performance is
almost insensitive to the antenna gain specially if the network
is well planned. Finally, as seen in Fig. 15, the impact of
the interference in the backhaul links is negligible, and thus,
the backhaul links can be well assumed to be noise-limited
(Also, see [19]-[21], [27] for further discussions).

In Fig. 16, we compare the coverage probability of the
proposed GA-based scheme with those obtained by differ-
ent state-of-the-art algorithms including exhaustive search,
Tabu algorithm [67] and Greedy algorithm [68]. Note that
Tabu is an evolutionary algorithm with a specific method
of producing the generations (see [69] for details) while
with Greedy algorithm, e.g., the non-IAB backhaul links
locations are determined one-by-one [68]. Here, the param-
eters are set to Ay = 2 km™2, Ay = 500 km~2, and in all
cases 10% of the SBSs are non-IAB backhaul-connected.
Thereby, we optimize the non-IAB backhaul links distribu-
tion and, as can be seen in Fig. 16, the GA converges rapidly
with limited iterations to the maximum coverage probabil-
ity achieved by exhaustive search. This is an indication of
the efficiency of the proposed method with considerably
lower complexity, compared to exhaustive search. Moreover,
for a given number of iterations, the GA outperforms the
greedy and the Tabu algorithms, in terms of coverage prob-
ability. Note that, while the greedy algorithm is easy to
implement, it may not always lead to the global optimum
due to the fact that it does not consider the entire search
space. Finally, note that the results of Fig. 16 are presented
for a given example channel realization for which one can
run the exhaustive search in limited time.> However, the
effectiveness of semi-optimal algorithms is more visible
when studying the average system performance over multiple
channel realizations, where running exhaustive search is not
feasible within limited time.

VI. ON THE EFFECT OF ROUTING

As demonstrated, deployment planning can compensate for
stationary blockages/tree foliage. On the other hand, depend-
ing on, e.g., the height of the SBSs, the (backhaul) links may
be temporally blocked by, for instance, trucks passing by. In
such cases, routing can be used to reduce the coverage prob-
ability degradation. For this reason, in this section, we study
the effect of routing on the performance of IAB networks
(see Section II for 3GPP standardization agreements on rout-
ing). Note that, in general, routing can be utilized not only
for temporal blockages but also for load balancing in the
cases with varying data traffic. In this paper, we concentrate

3. We have checked the results of Fig. 16 for a number of channel
realizations and observed the same qualitative conclusions.
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on temporal blockage, and load balancing-based routing is
out of the scope of our work. Note that, here, the network
deployment is first optimized based on static blockages/tree
foliage. Then, by temporal blockage we refer to the block-
ages that are added to the network after the deployment
optimization is performed.

Figure 17 shows the service coverage probability consid-
ering a static blocking density Ag = 700 km~2 for different
temporal blocking densities. In addition, to understand the
IAB sensitivity for temporal blockings and the effect of the
routing, in Fig. 18, we plot the percentage of the links that
have been updated by routing as a function of the den-
sity of the temporal blockings added to the network. The
results are presented for various cases with random deploy-
ment, GA-optimized non-IAB backhaul link distribution or
GA-optimized SBS locations. Here, by routing, the received
powers are recalculated, the association matrix is re-updated
and thereby the data rates are calculated again, i.e., (8), (9),
(13) and (14), are adapted based on the presence of temporal
blockages such that the coverage probability degradation is
minimized. Also, by percentage of routing update we refer
to the fraction of links in the network that have changed their
associated BS, both in the access and backhaul links. Here,
the results are demonstrated for different transmit powers of
the SBSs. According to Figs. 17-18 the following points can
be concluded.

o Unless for high densities of temporal blockings, the
service coverage probability of the IAB network is not
degraded much by temporal blockage (Fig. 17). Also,
the introduction of GA to optimize the dedicated non-
IAB backhaul connections has brought further resilience
in the network to temporal blockage. Finally, the sen-
sitivity to temporal blockage increases slightly at low
SBS transmit powers (Fig. 17).

o As demonstrated in Fig. 18, with temporal blockage,
the routing scheme may update the access links of the
UEs to the IAB nodes. However, 1) for a broad of
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temporal blockage densities for both non-IAB back-
haul connection-optimized and random deployments,
the access links updates are less than 10%. Also, 2) in
all considered cases, the backhaul links do not need to
be updated due to temporal blockage. This is intuitively
because the IAB donor-IAB backhaul links are strong
to support the required rates and the presence of tem-
poral blockage does not affect their efficiency much
unless for high temporal blockage densities. Finally,
compared to random network deployment, optimizing
the non-IAB backhaul link distribution among 10% of
the SBSs with GA has slightly reduced the percent-
age of routing update with the addition of temporal
blockings. For instance, with the parameter settings of
Fig. 18, Aemp = 50 km ™2, and Ps = 28 dBm, in random
network deployment one may need a routing update of
3.6%, while in the GA-optimized network it is only
2.9%.

In this way, the results indicate that, while deployment
optimization can well robustify the network to static block-
ages, with a well-planned network the system performance
is almost insensitive to low/moderate temporal blockages,
and routing may not be required unless for high temporal
blockage densities/severe coverage probability requirements.
On the other hand, depending on the data traffic variation
and the number of hops in the IAB network, the routing
may be of interest in load balancing.

VIl. CONCLUSION

We studied the problem of deployment optimization and
routing in IAB networks to guarantee high coverage proba-
bility in the presence of tree foliage/blockage. Moreover, we
reviewed the recent 3GPP agreements on IAB-based routing,
as well as the key challenges to enable meshed IAB.

As we showed, machine-learning techniques can be effec-
tively utilized for deployment optimization, with no need for
mathematical analysis and with the capability to be adapted
for different channel models/constraints/metrics of interest.
Particularly, the proposed algorithm reduces the complex-
ity compared to exhaustive search significantly because with
typical network area our proposed scheme requires orders of
magnitude less solution checkings compared to exhaustive
search. Also, while deployment planning boosts the cov-
erage probability of IAB networks, compared to random
deployment, significantly, for a broad range of coverage con-
straints/blockage densities, the impact of routing to increase
redundancy may be negligible. Indeed, routing may be of
interest in the cases with severe availability constraints/high
blockage densities as well as for load balancing. Finally,
in practice, deployment planning may be affected by, e.g.,
the availability of non-IAB backhaul connection in specific
areas, and the designer may consider, e.g., seasonal tree
foliage variations, rental costs and/or foreseen infrastructure
changes.
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