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ABSTRACT This study analyzes the performance of 3rd Generation Partnership Project (3GPP)-inspired
multi-cell wideband single-hop backhaul millimeter-wave-in-band-full-duplex (IBFD)-integrated access
and backhaul (IAB) networks using stochastic geometry. We modeled the wired-connected Next Gener-
ation NodeBs (gNBs) as the Matérn hard-core point process (MHCPP) to meet real-world deployment
requirements and reduce the cost caused by wired connections in the network. We first derive association
probabilities that reflect the likelihood that typical user-equipment is served by a gNB or an IAB-node
based on the maximum long-term averaged biased-received-desired-signal power criteria. Furthermore,
by leveraging the composite Gamma-Lognormal distribution, we derived the closed-form signal to inter-
ference plus noise ratio coverage, capacity with outage, and ergodic capacity of the network. To avoid
underestimating the noise, we consider the sidelobe gain on the inter-cell interference links and analog-to-
digital converter quantization noise. Compared with half-duplex transmission, the numerical results show an
enhanced capacity with outage and ergodic capacity provided by the IBFD under successful self-interference
cancellation. We also study how the power bias and density ratio of the [AB-node to gNB and the hard-core
distance can affect system performance.

INDEX TERMS Millimeter-wave, integrated access and backhaul, in-band-full-duplex, Matérn hard-core

point process, stochastic geometry.

I. INTRODUCTION

Millimeter-wave (mmWave) communications have been pro-
vided to satisfy the urgent demand for large available
bandwidth in beyond fifth-generation (B5G) communica-
tions, as the number of wireless devices increases sharply in
current networks [2], [3]. Although a large available band-
width of 30-300 GHz can significantly increase the capacity
of the wireless network, the path loss becomes more severe
than that in microwave communications because the effective
antenna aperture is proportional to the wavelength. There-
fore, dense base station (BS) deployment with large-scale
antenna arrays is required. For hardware and power effi-
ciency, fully-connected/subarray hybrid beamforming is used
for mmWave communication [4], [5].
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To further explore the benefits of the mmWave spectrum,
in-band-full-duplex (IBFD) transmission, where transmis-
sion and reception occur at the same time and frequency band,
has been proposed [6], [7]. Compared with half-duplex (HD)
transmission, the IBFD scheme provides twice the spectral
efficiency (SE) and half the latency [8]. However, dealing
with self-interference (SI), which can be more than 100 dB
higher than the desired signal, is the biggest challenge in
realizing IBFD transmission. Fortunately, a combination of
antenna [9], analog [8], [10], and digital [11] SI cancella-
tion (SIC) can achieve satisfactory performance in mmWave
IBFD networks.

Moreover, integrated access and backhaul (IAB) networks
have been studied in the technical specifications—TR 38.874
(Rel. 16) provided by the 3rd Generation Partnership Project
(3GPP) [12], where wireless backhaul is introduced instead
of fiber connections. Plug-and-play deployment [12], multi-
hop networks [13], and performance analysis [14] of IAB
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networks have been used in recent research. Although the
authors in [15] concluded that all-wired networks (i.e.,
all BSs connected to the core network by fiber directly)
provide better performance than IAB networks, IAB net-
works provide a good solution for reducing the deployment
cost in mmWave communications. Although we designed
single-cell wideband single-hop backhaul mmWave-IBFD-
IAB networks in [2], [11], more profound studies on the
performance analysis of multi-cell wideband single-hop
backhaul mmWave-IBFD-IAB networks are lacking in the
literature, which is the main subject of this work.

In previous studies [3], [14], [16], [17], the performance of
TAB networks was evaluated. However, none of these stud-
ies considered IBFD transmission and hybrid beamforming,
except for [3]. In addition, in terms of the distribution of small
fading, only [14] considered the Nakagami-M distribution,
which is more suitable for mmWave communications than the
Rayleigh distribution because the Rayleigh fading model for
sub-6 GHz communications is predicated on a large amount
of local scattering, which is not the case for mmWave com-
munications [18].

Meanwhile, stochastic geometry is a powerful tool for
analyzing the performance of wireless networks such as
mmWave cellular networks [19], heterogeneous cellular
networks [20], and unmanned aerial vehicle (UAV) net-
works [21]. However, to the best of our knowledge, work
on [IAB systems with stochastic geometry is insufficient. For
instance, the performance of mmWave-HD-IAB systems was
analyzed in [16] with two resource allocation strategies at
Next Generation NodeBs (gNBs), i.e., integrated resource
allocation and orthogonal resource allocation. The authors
in [3] studied the performance of mmWave-IBFD-IAB
systems in wireless edge caching. Bandwidth partitioning
for mmWave-HD-IAB systems with performance analysis
by stochastic geometry was studied in [14]. A multi-cell
model of a single-tier mmWave-HD-IAB system was pro-
posed in [17]. However, in the aforementioned stochastic
geometry-related IAB networks studies, only the work in [17]
considered the shadowing effect in mmWave communica-
tions. Therefore, to analyze a more general mmWave-IAB
network suitable for beyond 5G communications, we con-
sider IBFD, hybrid beamforming, Nakagami-M small fading,
and lognormal shadowing effects in this work.

In the real world, BSs are not entirely deployed ran-
domly or regularly, which results in the deterministic or
Poisson point process (PPP) model becoming insufficient.
Therefore, non-Poisson models are preferred for modeling
real-world BS deployment. For analytical tractability, the
authors of [22] suggested a method that uses PPP to approx-
imate the signal-to-interference-ratio meta-distribution for
non-Poisson networks, which can provide good accuracy.
In this work, to model the deployment of wired-connected
gNBs, that is, IAB donors, the Matérn hard-core point process
(MHCPP) was applied, where a hard-core distance (i.e., the
minimum distance between two gNBs separated in the net-
work) was utilized. The MHCPP model reflects the repulsion
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between gNBs because gNBs act as wired-anchored BSs.
Two gNBs should not be too close or overlapping. More-
over, while providing satisfactory service quality, MHCPP
generates a lower density of gNBs than PPP, which avoids
the high cost of wired connections. Although MHCPP has
been applied to the modeling of UAVs [23], multi-cell IBFD
cellular networks [24], and cloud radio access networks [25],
to the best of our knowledge, this is the first study to introduce
MHCPP into the analysis of multi-cell mmWave-IBFD-IAB
networks.

In this study, we evaluate the performance of multi-cell
wideband single-hop backhaul mmWave-IBFD-IAB net-
works using stochastic geometry. The main contributions of
this study are summarized as follows. A comparison between
the existing stochastic geometry-based studies and our work
is summarized in Table. 1.

o Unlike previous studies on mmWave communications
using stochastic geometry, which do not consider hybrid
beamforming, we analyze the performance with energy-
efficient subarray-based hybrid beamforming because
mmWave communications need to adopt large-scale
antenna arrays. Hybrid beamforming has lower hard-
ware cost and power consumption than transitional full
digital beamforming because the number of RF chains
required is reduced.

« Unlike prior studies on IAB networks, which use PPP to
model the location of gNBs, we use MHCPP to meet
the real-world deployment scenario in which BSs are
deployed in the non-Poisson model. In this manner,
wired-connected gNBs, which act as anchored BSs, can
be deployed without overlapping or being too close.
In addition, MHCPP produces fewer gNBs than PPP,
which reduces the cost of deploying wired gNBs. We use
the probability generating functional (PGFL) of PPP to
estimate the mean interference from gNBs in the back-
haul link and gNB-associated access link, which makes
the analysis more tractable.

« Instead of analyzing the performance of mmWave-HD-
all-wired networks, we consider mmWave-IBFD-IAB
networks, which satisfy the requirement of enhanced
communication performance and dense deployment
with less cost in beyond 5G communications. The
[AB-nodes operate in the IBFD mode for simultaneous
transmission and reception. Assuming successful SIC,
only the residual SI (RSI), modeled as Gaussian noise,
is considered, whose power is modeled as a fraction of
the transmit power [3], [11], [26].

o To accurately model the channel and path loss for
mmWave communications, we consider Nakagami-M
small fading and include the lognormal shadowing
effect in the path loss model, which is different from
most of the existing literature on mmWave commu-
nications using stochastic geometry. For tractability,
we introduced the closed-form statistical property of
the composite Gamma-Lognormal (GL) distribution to
derive the analytical results.
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TABLE 1. Comparison between existing stochastic geometry-based studies and our work.
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« To avoid underestimation of noise and interference,
we consider the sidelobe gain for the inter-cell inter-
ference links and analog-to-digital converter (ADC)
quantization noise.

Numerical results show that by tuning the bias ratio
of the IAB-node to gNB, signal-to-interference-plus-noise-
ratio (SINR) coverage yields a convex-like curve at a fixed
SINR threshold. With a selected bias ratio (e.g., 0 dB),
the capacity with outage of the IBFD scheme outperforms
that of the HD scheme, regardless of the RSI power.
In addition, for our default simulation setting, at SINR =
0 dB, the ADC quantization noise effect becomes negligible
at a resolution of approximately five bits, which empha-
sizes the feasibility of using a low resolution ADC in our
proposed network. Moreover, under the same gNB den-
sity, the network ergodic capacity obtained by deploying
gNBs with the PPP-based model is less than that obtained
by deploying gNBs with the MHCPP-based model; the
larger the hard-core distance, the higher the ergodic capac-
ity. In addition, with successful SIC, the ergodic capacity
increases as the density ratio of the IAB-node to the gNB
increases.

The rest of this paper is organized as follow. Section II
introduces system model including IAB network architecture,
spatial arrangement, and propagation model. Followed by
Section III provides antenna configuration and beamforming
design. Then, the SINR characterization is formulated in
Section IV, which is used for deriving the analytical equations
of the performance metrics in Section V. Finally, we show
numerical results in Section VI and draw a brief conclusion
in Section VII.

Notations: B,B,b, b represent the set, the matrix, the
vector, and the scalar, respectively. BH, B!, and BT are
the Hermitian, inverse, and transpose of B, respectively.
blkdiag [B1, B] is the block diagonal matrix formed by
matrices By and B,. ||-||f denotes the Frobenius norm.
|b| is the norm of b. ||b|| is the norm of b. C,’f is the
possible combinations of k elements out of a group of
n elements where order does not matter. A (m, n) repre-
sents a normal distribution with mean m and variance n.
InN (m, n) denotes a lognormal distribution with parameters
m and n. U[a, b] represents a uniform distribution between
aand b.
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Il. SYSTEM MODEL

A. IAB NETWORK TOPOLOGY

We consider the downlink of a standalone single-hop back-
haul TAB network with a spanning tree (ST) topology
consisting of the following nodes:

o IAB donor: This is also called a gNB, which is a single
logical node. The gNB connects to the next-generation
core network using fibers and wirelessly transmits sig-
nals to other types of nodes in the network.

o TAB-node: This node operates in the IBFD manner,
contributes SI from its transmitter to its receiver, and
uses wireless links to communicate with others. Owing
to the single-hop backhaul and ST topology, an IAB-
node has only one parent gNB for backhauling.

o User-equipment (UE): It receives the desired signal from
its serving gNB or IAB-node.

The backhaul link is the wireless link between the gNB and
the IAB-node, whereas the access link is that between the UE
and the gNB or the TAB-node. More details of the 3GPP archi-
tecture can be found in our recent study [2]. An illustration
of the proposed model is shown in Fig. 1(a). In this study,
the gNBs and IAB-nodes formed two different tiers. Multi-
hop backhaul IAB networks will not be considered because
of the challenge of network configuration, and the feasibility
of using stochastic geometry in this scenario [16].

B. SPATIAL ARRANGEMENT

There are two types of MHCPP: both are generated by thin-
ning the parent PPP. In Type I, a point and its neighbors whose
distance is less than the hard-core distance are removed from
the parent PPP. In type II, each point is assigned a random
number between 0 and 1 as their marks; only points that
have larger marks and are within the hard-core region of their
neighbors are removed [30]. In this study, we utilize MHCPP
Type 11! to capture the location of gNBs. Consider that gNBs
are distributed according to an MHCPP @, with density An
and hard-core distance & on R?, where the density is defined
by the dependent thinning of a parent homogeneous PPP P

1Under the same parent PPP density, the thinning rule of MHCPP type 11
is more relaxed than that of MHCPP Type I, which can provide a higher
density of gNB to satisfy the dense deployment condition for mmWave
communications.
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FIGURE 1. (a) lllustration of a multi-cell single-hop backhaul
mmWave-IBFD-IAB network. (b) A realized mmWave-IBFD-IAB network.
Ry =1000m, Ay =1 x 10°3/m2, A5 = 4 x 1073 /m2, A,y =2 x 10~%/m2,
& =100m.

with density of *m. Given that the probability of an arbitrary
point in the parent PPP is retained for MHCPP Type II as

1 — e~ 78%m

&%

p= ey
where A, = pxm [31]. The IAB-nodes and UE are drawn
from two independent homogeneous PPP &g and &, with
densities A5 and A, on R?, respectively. Our analysis was
performed on a circular region with a radius Ry. A realization
of such a network is illustrated in Fig. 1(b).

C. PROPAGATION MODEL

1) BLOCKAGE MODEL

At mmWave frequencies, the signals are easily blocked by
obstacles in the propagation environment, which results in
the coexistence of line-of-sight (LoS) and non-line-of-sight
(NLoS) propagations. Blockages typically form a process of
random shapes, for example, a Boolean scheme of rectan-
gles [32]. In this section, the probability of being LoS pr.(7)
or NLoS pn(r) transmission is modeled by a two-state expo-
nential blockage model with respect to the blockage density
constant € and the link distance r [27], which is expressed as

[mr) =,

PN =1 — e @)
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Note that we adopt the above model for [AB-nodes because
gNBs can be located well above ground level because of the
role of anchored BSs and are usually placed on open ground
with fewer obstacles to increase the likelihood of LoS links.
For tractability, we assume LoS transmission only for the
gNB to ease the lack of transformation properties of MHCPP,
such as the PGFL. Moreover, we consider the independent
blockage effects between the links in this study.

Given the blockage model, we can treat the PPP IAB-nodes
®, as the superposition of PPP LoS IAB-nodes & 1, and PPP
NLoS IAB-nodes ®¢ N with densities of As 1.(r) = AgpL(r)
and Ag N(r) = AspN(r), respectively.

2) PATH LOSS MODEL

The path loss model utilized in [17] is adopted in this study
to measure the path loss between two nodes located at x and
y. The gain for a single antenna element is given by

L(x,y)[dB] = B + 10e log;o Rxy + X, 3)

c
denote the carrier frequency, light speed, path loss expo-

nent, and shadowing effect random variable, respectively. Ryy
represents the Euclidean distanace between x and y. There-
fore, we have L(x,y) = %, where 1070-168+0 ~
InN (—0.181n10, (0.1¢1n10)%) is a lognormal distributed
random variable.” Note that the path loss exponent and
Gaussian distributed shadowing effect random variable for
the transmissions from gNB are denoted as oy, and x;m ~
N, ;I%l), respectively. For the I[AB-node, we have the path
loss exponent o5 ; and shadowing effect random variables
xs.i ~ N, {s%i), where i = L for the LoS IAB-node and
i = N for the NLoS TAB-node.

where § = 20log, (4”f°).fc, c, a,and x ~ N(O0,¢?)

3) CHANNEL MODEL

Assume an OFDM single-path (i.e., flat fading) channel for
all blockage scenarios, which leverages the sparsity of the
FR2 band channel. A multi-path case will be left in the future.
At subcarrierk = 1, 2, ..., K, the wideband mmWave chan-
nel from the node at x with Nt transmit antennas to the node
at y with NR receive antennas is given as [4].

Hy[k] = /MRy (Kag(Oy", ox)al (03, §35), (4)

L(x.y)

where h¥* is the small fading gain with a Nakagami-M
distribution [33], [34]. M € {Mn, M1, MsN} € NT are
Nakagami parameters for the gNB, LoS IAB-node, and NLoS

2 kd

IAB-node, respectively. y[k] = ZdD;é p(d—7)e/ K with
p(-) being the raised-cosine pulse-shaping filter, T ~ U[0, D]
being the normalized path delay, and D denoting the number
of delay taps.

IfZisa normally distributed random variable with zero mean and vari-
ance o2, then X = ¢"Z is a lognormal random variable with parameters

A =mandé = no, denoted as X ~ InN(i, 62) with E{X} = eﬂ+0'5&2.
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For simplicity, we leverage the virtual transmit and receive
steering vectors aT(O_%X, ¢ *) and aR(Qy X ¢ *) for the uni-
form planar array (UPA), respectively, where the azimuth
9_%"/6_1{’( and elevation qS%X/qSly{X virtual angles correspond
to the angle of departure/arrival (AoD/AoA) [35]. With
half-wavelength spaced elements, we have the relation-
ship between the virtual and physical azimuth (elevation)
AoD/AO0A as 0 = mcosf cos¢ (¢ = m sinb cos @), where
6 ~ U[0, ] and ¢ ~ U[—7F, 5] are the physical azimuth
and elevation AoD/AoA, respectively. By extending the
model in [35], we quantize the virtual azimuth and elevation

AoD/AoA to set § € {—n, -+ ]2\,—”, e M}

and ¢ € [O, ]:,T,..., ”(%_1)} with Ny and Ny being
the number of antennas along x- and y-axis of the UPA.
Moreover, we assume that virtual angles are uniformly dis-
tributed in their quantized sets for tractability [28]. From
the orthogonality of the virtual steering vector, we have
al (01, ¢ad, ¢2) = 1for 6 = 6,41 = ¢ and
0 otherwise [36, Corollary 2], which gives us an ON/OFF
model. Using this ON/OFF model, SINR expressions can be
simplified.

Because this work aims to evaluate the performance of
IBFD-IAB networks after the SI has been successfully sup-
pressed, only the residual SI, treated as Gaussian noise, whose
power is modeled as a fraction of the transmit power, will be
considered. Readers are directed to [11] for a hypothetical
Rician-like SI channel model and staged SIC strategy.

IIl. ANTENNA CONFIGURATION AND BEAMFORMING
DESIGN

A. ANTENNA CONFIGURATION

The gNB and IAB-node transmitters are adopted with
subarray-based hybrid beamforming (i.e., one RF chain con-
nects with only a portion of the antennas), as proposed in
[11] and [4]. The gNB has Ny, subarrays, each having %
transmit antennas and one RF chain sending a single data
stream to serve one UE or IAB-node. Slmllarly, the IAB-node
is equipped with Ny subarrays, each w1th L transmitting
antennas and a single RF chain sending one data stream
to serve an UE. The IAB-node receiver is equipped with
Np receiving antennas adopting analog combining to receive
information from its serving gNB. The UE receiver has Ny
antennas with analog combining for communicating with its
serving BS.

B. BEAMFORMING DESIGN

According to the subarray hybrid beamforming structure
given in [4], the RF and BB precoders at the gNBs
and IAB-nodes have the form of F%)F = blkdiag[f(R')F >

fop oo By ] € CVPNoand Foplk]l = [, [k],

s IRE A,
183’2 k1, ..., th’N[[k]] e CNixNi respectively, where (-) is

the location of the gNB or IAB-node; i = m represents the
precoders at the gNB and i = s are those at the IAB-node.
The RF combiner at the IAB-node and UE are in the form
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of w() e CMixl , where i = s denotes the combiner at the
IAB- node and i = u is that at the UE.

RF beamformers are realized using phase shifters (PSs)
with unit norm entries. According to [28], the optimal RF pre-
coder/combiner that maximizes the desired signal power is to
steer the beam in the direction of the AoD/AoA of the desired
signal channel. Given the channel from the transmitter at x to
the receiver at y in (4), owing to the use of subarray-based
hybrid beamforming, a subset of the virtual transmit steering
vector is used to design the vth column of the RF precoder
matrix FEF, that is,

fEF,vz\/>[aT(0y ¢ )] N' ( N') s (@)

=Dy H Iy,

where i = mrepresents the RF precoder at the gNB, andi = s
denotes that at the IAB-node.

Similarly, the RF combiner is given by the virtual receiver
steering vector, that is,

Wie =/ NRar(OF, o), (6)

where i = s denotes the combiner at the IAB-node, andi = u
denotes that at the UE.

To mitigate the intra-cell interference, the zero-forcing
(ZF) BB precoder is utilized at both the gNB and IAB-
node. For a transmitter at X, given all its serving receivers at

Yi,y2,...,yn (fori = mif xisa gNB and i = s if xis an
IAB-node), the ZF BB precoder matrix can be given as
~ ~ ~ —1
bplk] = Ak (AR . ()
where Hy[k] = (VVyYRF) Hyx[kFye with Wi =
blkdlag[wRF, wRF, .. wRF] and ny[k] = [Hylx[k],
T T
H (K], .. Hny[k]] .

IV. SINR CHARACTERIZATION

In this section, we derive SINR expressions for the kth sub-
carrier. According to Slivnyak’s theorem [30], given that both
IAB-nodes and UEs are homogeneous PPP, we consider typ-
ical backhaul and access links without loss of generalization,
that is, we derive the typical backhaul (access) link SINR by
assuming that the typical IAB-node (UE) is located at the
origin 0 (0). Note that 0 and 0 represent the origins of the
same coordinate system.

Assume that we know the channel state information per-
fectly for all channels, and that all signals are uncorrelated.
Let the average total transmit power at the gNB (IAB-
node) across all subcarriers be Py, (Ps). With equal power
allocation, each data stream at subcarrier k transmitted from
the gNB (IAB-node) has the power of ;Tm A
as the ZF precoder is applied, the intra-cell interference can
be canceled out; thus, is ignored in the following equations.
In addition, the following assumption was made simplify the
analysis.

Assumption 1: The channel model in Eq. (4) is a function
of k, where k appears only in y [k]. Because our work is based

. Moreover,
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on a probabilistic perspective, for tractability, we assume the
normalized path delay to be T = %, which is the mean of
the random variable T. Given that the channel is flat fading,
all subcarriers experience the same channel conditions. Thus,
we have E{|y[k]1|*} = 1Yk, which makes the channel inde-
pendent of k [3].

1) BACKHAUL LINK

Assuming that the gNB at xp, uses its vth subarray to provide
backhaul communication with the typical IAB-node at 0, the
SINR of the typical backhaul link at the kth subcarrier is
written as

SINRy, [k]
— Gyplk] - , (821)
7IPs 2
I o K+ b1+ +EU(WRF) mylk] ]+E{|eb[k]|}
\z-’
RSI
Pm 6 " Xm £Xm :
Gylk] = KN (WRF) Hx [k]FRngBv[k]
. PmY (Ng)? Fsmp (N Vo)
NZR“m (8b)
2
P 0 \2
Inplk] = ; (whe) Hg, [KIFgFgk]
®m\Xm
PN (N ) ho‘”PBF(Nm, R> Vm)
~ Z . , (8¢)
KNpRO™
d’m\xm w0
Lplkl= D" Ik
ie{L,N}
P N N
= I XY (W) g IR R k)
s i€lLN} ea, \0
> PoN3 (N3) hf’@pBF(NS,Ng,Ns)
as: ’
i€{LN} ped, \0 KN:R,,
(8d)

where in (8a), Gp[k], Im b[k], and I; p[k] denote the power of
the desired signal, the power of the interference from non-
target gNBs, and that of the interference from IAB-nodes
at subcarrier k, respectively; 0 < 15 < 1 is the
RSI controlling factor, which controls the amount of RSI;

 \H 2
E [ ’ (wgp) ny[k] = on2N§ is the Gaussian noise power
with ny[k] ~ CN(0, or%INﬁ); E {lep[k]|*} represents the
quantization noise power owing to g bits ADC uniform quan-
tization. In (8b)-(8d), A%*m =

1070-1(B+xm) ‘hﬁxm 2’ ﬁﬁw —

10-01B+1m) [00]* ang 796 = 10-0-18+ 00 ‘hﬁﬁ)‘z fol-
low the composite GL distribution (see Appendix-A)
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2

because |h(')|2 is a Gamma distributed random variable?;
pZF(Nr’rn, Np) is the ZF penalty, which is a Bernoulli ran-
dom variable with success probability (1 — ﬁ)Nm_l (see
Remark 1); pgr(N{', Ng, Nm) and pgr(N7, N, Ns) are beam-
forming gains that take into account the sidelobe gains (see
Proposition 1) because using the ON/OFF model given by the
orthogonality of the steering vector can result in underestima-
tion of the inter-cell interference as it gives zero beamforming
gain when the azimuth and/or elevation angles are not the
same. The approximation in (8b) is owing to the ZF penalty.
The approximation in (80) is obtained by assuming Fgp[k] =

,/ INm, where ,/ ensures HFRF B”i = Np. For a

large number of antennas the ZF penalty and the effect of
the ZF on the inter-cell interference link can be neglected,
as evaluated in [5], and (8d) follows a similar approximation.

Remark 1: For notation simplicity, we assume that the
transmitter at X uses its 1st subarray to communicate
with the typical receiver at y. By adopting the orthog-
onality of the steering vector, given the transmit steer-
ing vector aT(Q_ly-X,q_ﬁX), we have aT(ély-X,q_ﬁX)FﬁF

Ni
\/T?’ 0,.. only occurs when the AoD for

,0| e RIxN:

the typical link is different from that for others served b)])V thf
transmitter at X, which has a probability of (1 — %)
T

for pzp(N{,Ni) = 1. Accordingly, we have f’éB,l[k] =

T
2
|:‘ / N%, 0,..., O:| satisfies HFﬁFfﬁB’l[k] HF = 1. Foralarge
number of antennas, other cases occur with very low proba-

N
power is approximated to be 0 by setting pZF(N{;, N;) = 0.
Note that i = m denotes the transmitter at the gNB and i = s
denotes that at the IAB-node [28].

Proposition 1: The beamforming gain (including side-
lobe gains) of the inter-cell interference links is given by
PBE(N. i N{Q, N;), which can be chosen from one of the values
with the corresponding probability of occurrence in (9), as
shown at the bottom of the next page, forp, g € N, p+q < N;,
where N’i",x and N%’y (N{{  and N{{,y) denote the number of
antennas along x- and y-axis of the transmit (receive) UPA.
gr.i and gt (gr, and grj) are the sidelobe gains at the
transmitter (receiver). i = m, j = s; i = s, ] = 8, i = m,
j=u,andi = s, j = u denote the beamforming gain of the
interference from gNBs to the typical IAB-node, IAB-nodes to
the typical IAB-node, gNBs to the typical UE, and IAB-nodes
to the typical UE, respectively.

Proof: Assume squared UPA, the inner product between
transmit steering vectors is aT l(91, qbl)aT 1(92 ¢>2)

bility, that is, 1 — (1 — —) , for tractability, the signal

1 if 6 =62, ¢1 = ¢

_ 1 £0) £ 0. G £ B
8.1 = Gn(0.244)N], NF., 61 # 62,61 # o (10)
8ri = 1 otherwise,

sin(0.244)Nk

3 X is a Nakagami-M distributed random variable, then Xz ~
Gamma(M, 1/M) is a unit mean Gamma-distributed random variable.
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where the sidelobe gains gt ; and gt,; are derived according
to [37] and [5]. Similarly, we can model the inner product
between the receiver steering vectors with sidelobe gains
gr,j and gr ;. Recall that the virtual angles are uniformly
distributed in their quantization sets, and according to the
beamformer design in Section III-B, this proposition can be
easily proven. ]

According to [38], the ADC quantization noise power can
be approximated as

P, .
Golk 1+ 1dig " +1m b IK 1+ b [K 1402 NG
1.5224 ?

(11)

E {leplk]12} ~

where ngig > 1 is the amount of digital cancellation, intro-
duced to reproduce the RSI power before the ADC (i.e., after
analog SIC) because '7— is the RSI power after the ADC
(i-e., after digital SIC). q denotes the ADC quantization bits.
Owing to Assumption 1, the value of the numerator of (11) is
the same for all subcarriers. Thus, (11) can be simplified as

+mﬂm+gdm+aws
1.5-2% ’

E {|eb[k]|2} Golk] + naig
(12)

2) ACCESS LINK

Next, assuming that gNB at x, uses its uth subarray to
communicate with the typical UE at 0, we derive the SINR
expression of the gNB-associated typical access link at sub-
carrier k, which is cast as

SINRgy,, [k]
_ Gl SENGED)
H 2
AHJH+LAM}+E(meQ n&mwﬂ ]+E{k&mwn }
0 H Xm £Xm
Galk] = KNo. (WRF) Hox, [KIFRHER ,
N pm]\lrII}’1 (Nu) hoxmpZF(N 7Nm) (13b)
KNGR

2
P H
Inalkl = 0= 3" (whe) HoolKIFgrFg k]
M N oedn\xm
-~y Pl (N3)* h"wame,NR,Nm)
WEDM\Xm KNmR
(13¢c)
Lalkl= )" I, lk]
ie{L,N}
2
- > 3 (wRF) Ho, [k IFQF a5 k]
SE&MM%M
z Z sNS h waF(NSa NR’ Ns)
O i
ie{L,N} Heds ;\0 KN Rao
(13d)

where in (13a), Ga m[k], Im,a[k], and I; 4[k] denote the power
of the desired signal, that of the interference from non-target
gNBs, and that of the interference from IAB-nodes at sub-

2
carrier k, respectively; E “(WORF)H nam[k]‘ ] = UZNE is
the Gaussian noise power with n, m[k] ~ CN(0, o7 INu)

{|ea,m k]|
with a definition similar to that in (12). In (13b)-(13
7%n — 10~0-1B+xm) |h0xm|2’ e = 107016 +m) ||,

represents the ADC quantization noise power

iy

and 7% = 107 01B+xss) ‘ho‘?’ follow from the composite
GL distribution; pze(Np', Ni) is the ZF penalty following
Remark 1; pgr(Ny', Ng, Nm) and pgr(N7, Ny, Ns) are beam-
forming gains according to Proposition 1.

Finally, assuming the IAB-node at x, with j € {L, N} uses
its vth subcarrier to provide communications to the typical UE
at 0, the SINR expression of the IAB-node associated typical
access link at the subcarrier k is expressed as

SINROX,; [k]
Gaslk]

(14a)

H
Tmalk1+, a[k]ﬂE[ ‘ (whe) maslel

2]+1E{|ea,>[k]|2}

p+ f]g%,i +Wi—p— Q)g%,i

_ 8121,,' [P + qg%,i +WNi—p— Q)g%,i]
pBF(NE, Ni, N)) =

2R, [p +qgt;+WNi—p— q)é’%,i]
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| . 5 Ni—p—q
X — + — =
(N"i',x Nry N%)
p
1 1 1 P ~4q 1
W-p: (1 v _j) Cy,Cni- (—,)
Mex  Mry Mg i TP\ Ny 9
1 1 1 ! 1 1 2 Nip=a ®
x{1— -+t — t+ i N
( Nrx  Nry N%) (N%,x Nry N%)
14
1 1 2 P 4 1
WP-( —t o = ) O \ r
Nk,x Nk,y NR ! =P N
1 1 1 ! 1 1 Nizp=a
x(1l——— —/— + = — 4+ —— — =
( Nrx  Nry N%) (N%,x Nry N%) ’
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. . 2
Py 0 \7 x| ox.
Gd s[k] KNS (WRF) H i[k]FRFtJ];{BV
 PNE (V) h"’*pZF(NS,No b
KN2R*/ (145)
x,0
2
~ P, H
Inalk] = = | > (Whe)  Hoo[KIFg-Fgs
m wedy,
PN (N3)” hppr(N, N¥, N,
~ Z m ) PBE( T s VR m) . (l4o)
ol KNnRo%
Lalkl= > I lk]
ie{L,N}
2

P, H L
= Z Z (WORF) Ho, [KIFReFpp

NS ie{L,N} Ae<1>5,\x’

D PN (N,

2706 J
%) " pr(Ny, Ng, Ny
I€LN} Hepg \x,

Olsz ’

KN

(144d)

where in (14a), Guslk], Imalk], and I a[k] denote the
power of the desired signal, that of the interference from
gNBs, and that of the interference from non-target IAB-

2
nodes at subcarrier k, respectively; E { ’ (ng)H na,s[k]’ ] =
2N§‘ is the Gaussian noise power with nyg[k] ~
CN(@, o INu) E {|ea s k]‘ } represents the ADC quantiza-

tion noise power similar to (12). In (14b)-(14d), o —

2 - ~0 A
10-0-16+7) 0% | 00 = 10=0.1F+xm) |49 and 79 =

<12
100 1(B+xs.) | 0@

are composite GL distributed random
variables; pzp(N3, Ns) is the ZF penalty following Remark 1;
PBE(NT', Ng, Nm) and ppp(Ny, Ny, Ns) are beamforming
gains following Proposition 1.

V. PERFORMANCE ANALYSIS

For a standard OFDM system, owing to different chan-
nel gains occurring on different subcarriers, the effective
SINR, whose statistics can be obtained by Lognormal or
Gaussian approximations, is used to derive the performance
metrics [39], [40], that is

~ SINR[k
SINReﬁzﬁln( Ze 5 ) (15)

where ¥ is a parameter that depends on the coding scheme
and number of coded bits in a block. However, in this work,
thanks to Assumption 1, the value of SINR is the same for all
subcarriers, which means SINR[k] V k equals to the effective
SINR. Therefore, SINR[k] was utilized for the analysis, and
the subcarrier index was omitted for simplicity.
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A. ASSOCIATION PROBABILITIES

This subsection introduces the association probabilities;
that is, the probabilities of a typical UE served by a
gNB and an IAB-node, based on the maximum long-
term averaged biased-received-desired-signal power (i.e.,
E{received-desired-signal power} x bias factor 7}, for i = m
if the desired signal comes from the gNB and i = s if it
comes from the [AB-node) criteria [20]. The bias factor plays
the role of offloading the traffic from gNB to IAB-node (or
from [IAB-node to gNB) to satisfy network-wide performance
requirement [41]. The SINR coverage could be changed by
tuning the bias ratio TT—;, as shown in Section VI.

To derive the association probabilities, in the following
lemmas, we first show the probability density function (PDF)
and cumulative distribution function (CDF) of the contact
distance (i.e., the distance of a typical point in a point process
to its nearest point in an independent point process) for three
different cases:

(i) The typical UE in PPP to its nearest LoS IAB-node in
an independent PPP.
(i1) The typical UE in PPP to its nearest NLoS [AB-node in
an independent PPP.
(iii) The typical UE in PPP to its nearest gNB in an indepen-
dent MHCPP.

Lemma 1: The CDF of the contact distance from the PPP
typical UE to the PPP LoS/NLoS IAB-node with density
As L(x)/As N(X)
is cast as .

Fry (ro) =1 — e miaiods, (16)

The corresponding PDF is written as
R g (i) = 2 g i(rg e Jo Fhi@d (g7
Xlo ’ £) )

where rs; > 0 denotes the distance from the PPP typical UE
to the PPP LoS IAB-node for i = L; and that to the PPP NLoS
IAB-node for i = N.
Proof: The similar proof can be found in [42]. |

Regarding the PDF and CDF of the PPP to MHCPP contact
distance, it is impossible to obtain exact expressions because
of the correlations among the MHCPP points. Fortunately, the
authors in [43] provided a piece-wise model, as shown in the
following lemma, which has been verified to provide a very
close solution compared with the empirical data.

Lemma 2: The CDF of the contact distance from the PPP
typical UE to the MHCPP gNB with density Am and hard-core
distance & is approximated as

FRoo1(rm) = TAmrs, 0 <rm <5,
FRy 02(rm) =1 — %
FRry o(rm) = anmg{l_(%)g]
xe 0(4—mrmé?)
> §.
(18)
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Taking the first derivative with respect to rn,, we obtain the
PDF of the contact distance as

B

fRXmo,l(rm) = 2T Am¥m
4
fom0,2(rm) = 2T Am’m (ZE_r)
2rm \¢
2nkm§2|:l—(T) ]
0(4—mAmE?)

0<rm=<
-2

)

fRXm()(rm) =
s

19)

xXe

where r, > 0 denotes the distance from the PPP typical UE
to MHCPP gNB; o ~ 0.3686(An&2)? + 0.0985A,mE? +
2 based on the simulation in [43].
Proof: A detailed proof can be found in [43]. [ |

Given the statistics of the contact distance, we now derive
the probabilities of the typical UE associated with an LoS
IAB-node, an NLoS IAB-node, and a gNB in the following
propositions.

Proposition 2: The probability of a typical UE associated
with an LoS/NLoS IAB-node at X]S“/XIS\I, denoted as Ag1/As N,
is expressed as:

Ym

_S ®s.i As
(=) s
Asi = A L= Fry o1\ 7s.i Qi
X (1 - FRX,-0 (V:t,-s’j Ai,z))ka,-o(rs,i)drs,i
00 s.i
+/ £ % (1 — FRxm0,2 (rs?lim Ai’1))
(2A,;1) ’
os.i
X (1 - Fino (r:l,-s’j Ai,z))fo,-o(rs,i)drs,i, (20

where i = L, j = Ny i = N j = L
1 2_ . 2
A PaNEN2T \ @ (0.1ZmIn10) za(O‘lgsv,lnIO) ;
. — — L s - m
i1 PNSNT, ¢ an
(0.1¢,,,In10)*—(0.1¢, ;In10)*
Air =e 201, . The integration bound is

s,
given by solving rs?lim Ajp = %
Proof: The proof can be found in Appendix-B. ]
Proposition 3: The probability of a typical UE associated
with a gNB at X, represented as An, is expressed as:

Am = / (1 —Fry, (r,ﬁs‘L AL))
0 S
Om
a5 N
X (1 - FRxNO (rm ’ AN))]“R,(mo,l(rm)drm
) Am
oY
+ /§ (1 —Fry, (rm"L AL))
2
Om
X (1 - FRXN() (rIgS’N AN))fomo,z(rm)drma (21)
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where A; = (

i e{L,N}.

Proof: The proof follows similar steps to Proposition 2
given the condition that the nearest gNB provides higher
biased-received-desired-signal power than the nearest LoS
and NLoS IAB-nodes. [ ]

Having obtained the association probabilities, we can
obtain the PDFs of the serving distance (i.e., the distance
of the typical UE to its serving gNB or [AB-node) in the
following proposition.

Proposition 4: Conditioned on the typical UE is served by
its nearest gNB at Xm, and the corresponding PDF of the
serving distance is written as

Om
R 1 -
fomo(rm) = IE (1 - FRx%O (rlg L AL))
Om
x (1 ~ Fry, (rlﬁ““ AN))fRXm.)(rmx (22)

g

where fr, o(rm) is piece-wise at point rm = 5 as stated in
Lemma 2.

Similarly, conditioned on the typical UE being served by
its nearest LoS (or NLoS) IAB-node at x- (or xY\), the corre-
sponding PDF of the serving distance is given as

A
n 1 —=
foio(Vs,i) = AL (1 — Fry o (Vs(f[" Ai,l))
b N3
i
x (l —Fry, (V:;J Ai,Z))foio(”s,i)- (23)

When i = L, we have j = N; and when i = N, we have j =

As,i

L. According to Lemma?2, F R0 (rS“im A; 1 ) is piece-wise at

m s, i

point rg; = (2A§ﬁ) 1 by solving r" Ay = %
Proof: A siymp]e proof can be found in [16, Lemma 4].
|
In the remaining subsections, we derive some perfor-
mance metrics, such as SINR coverage, capacity with outage,
and ergodic capacity for single-hop backhaul mmWave-
IBFD/HD-IAB networks. We set the available bandwidth for
IBFD communications as W. Assume that the HD trans-
mission is in a frequency-division-duplexing (FDD) manner,
whose available bandwidth is equally divided into two
orthogonal portions (i.e., W /2): one for the gNB tier and the

other for the IAB-node tier.

B. SINR COVERAGE
We first give the expression on the SINR coverage in the
following theorem.

Theorem 1: The SINR coverage of the single-hop backhaul
mmWave-IBFD-IAB network is defined as

Ppp(t) = AP (SINR()Xm > ‘L’)
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> AP (SINROXi > 7, SINRyjy, > 7,') :
ie{L,N} ' ’
(24)

where T denotes the target SINR. SINRyiy —denotes the
backhaul link SINR of the IAB-node at Xi for serving a typi-
cal UE. However, solving P (SINROXI > 7, SINRiy > ‘L')

intractable. Fortunately, since IAB-nodes and UEs are drawn

from homogeneous PPP, according to Slivnyak’s theorem,
we have [16], [17]

P (SINROXé > 7, SINRy;y, > r) —P (SINROXQ > r)
x P (SINRﬁxm > r) . (25)

The solution of this theorem can be found in Appendix-D.
The SINR coverage of the single-hop backhaul mmWave-
HD-IAB network Pyp(t) can be derived similarly to The-
orem 1; however, owing to the FDD, the interference from
the other tier and the RSI in the SINR expressions should
be removed. Moreover, the Gaussian noise power of HD
is reduced by half compared to that of IBFD because the
bandwidth of IBFD is twice as large as that of HD.

C. CAPACITY WITH OUTAGE
In the following theorem, we derive the expression on the
capacity with outage.

Theorem 2: The capacity with outage, that is, the average
rate correctly received over many transmission bursts, of the
single-hop backhaul mmWave-IBFD-IAB network is cast as

w 10g2 (1 + Tmin) PED(Tmin)» (26)

where Tmin is the minimum received SINR fixed at the
transmitter because the transmitter does not know the instan-
taneous received SINR; thus, the transmission rate should be
fixed independently.

Similarly, the capacity with outage of the single-hop
backhaul mmWave-HD-IAB network Cyp(tmiy) is given by
replacing W with W /2 and Ppp(tmin) With Pyp(tmin) in
Theorem 2.

Crp(Tmin) =

D. ERGODIC CAPACITY
The expression on the ergodic capacity is presented in the
following theorem.

Theorem 3: The ergodic capacity for single-hop backhaul
mmWave-IBFD-IAB networks, defined as the average of the
instantaneous capacity, is written as

Rpp = AmRm + As,L min (RS,Lv Rb) +As,N min (RS,N» Rb) s
(27)

where Ry = E{W log,(1+SINRox,,)}, Ry = E{W log,(1+
SINROXL)} RgN = E{Wlog,(1 + SINROXN)} and Ry =
E{W logz(l + SINRg, )} represent ergodic capacities of the
gNB associated accessIwn link, LoS IAB-node associated access
link, NLoS IAB-node associated access link, and backhaul
link, respectively, which are derived in Appendix-E.
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Likewise, the ergodic capacity of the corresponding HD
network Ryp is given by scaling W in Theorem 3 with
1/2 and removing the RSI and interference from the other
tier in SINR expressions.

Note that we choose the minimum ergodic capacity
between the IAB-node associated access link and the back-
haul link as the final ergodic capacity at the UE asso-
ciated with the IAB-node. This is because, in the IAB
system, the maximum ergodic capacity that an IAB-node
can provide is limited by its corresponding backhaul
link [14], [17].

VI. NUMERICAL RESULTS

In this section, we verify the theoretical results derived in this
study and evaluate the performance of the single-hop back-
haul mmWave-IBFD-IAB networks. Furthermore, to better
understand the advantages and disadvantages of IBFD trans-
mission, comparisons are made between IBFD and HD
schemes. Monte Carlo simulations with 10° iterations are
performed to verify the accuracy of the derived theoretical
results. Unless otherwise specified, the values of the simula-
tion parameters are presented in Table 2.

A. ASSOCIATION PROBABILITIES AND SINR COVERAGE
Both figures in Fig. 2 show a close match between the sim-
ulation and analytical results, which indicates good accuracy
given by our approximated analytical results derived in this
study. In Fig. 2(a), we evaluate how the association probabili-
ties can be affected by changing the bias ratio of the IAB-node
to the gNB, that is, L We can find that the association
probability of a typlcal UE associates with an IAB-node, that
is, Ag, increases as the ratio increases, and that of the typical
UE associates with a gNB, that is, Ap, shows an opposite
trend because as TT—; increases, more traffic is offloaded from
the gNB to the IAB-node.

In Fig. 2(b), we study the impact of T‘ on SINR coverage.
The SINR coverage at a fixed threshold first mcreases as
TT—S increases; after reaching the maximum at T = 0 dB,
the SINR coverage decreases as the ratio 1ncreases The
reasons for this decrease are as follows. As —5 increases,
Ag becomes dominant, as shown in Fig. 2(a). Thus accord-
ing to Theorem 1, the SINR coverage of the network can
be dominated by that of the IAB-node tier at a high bias
ratio. Even if the gNB is tower-mounted, it has a direct
fiber connection but a limited quantity owing to the high
deployment cost of fiber-connected BSs. Biasing towards
wireless IAB-nodes has the potential benefit of reducing
deployment costs. However, because i) the transmit power
and propagation properties of the [AB-node are worse than
those of the gNB; ii) the performance of the IAB-node asso-
ciated access link is restricted by the backhaul link, and iii)
the backhaul link suffers from RSI, the network coverage
becomes distorted. Moreover, it is interesting to note that the
rate of increase in coverage is much lower than the decrement
rate.
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TABLE 2. System parameters and default values.

Notation Physical Meaning Values
K Number of subcarriers 512 144]
W Bandwidth 800 MHz
e Carrier frequency 38 GHz
Mm, Mg 1,, Mg N Nakagami factor 4,3,2
9 . N —174 dBm + 10Tog W + 10 dB (IBFD)
os Gaussian noise power 174 dBm + 1010g10 + 10 dB (HD)
€ Blockage density constant 0.0071 [19]
Ro Radius of analysis region 1000m
3 Hard-core distance 100m
Am, As, Au gNB, IAB-node, and UE density 1x107°/m?%, 4 x 10~°/m?,2 x 10~%/m?
n RST controlling factor 80 dB [1T]
Ndig The amount of digital SIC 25 dB [1T]
T Gamma distribution samples 529]
P, Ps Transmit power 40 dBm, 33 dBm
Ts/Tm Bias factor ratio 0dB
Nm, Ns Number of subarrays 8,4
N{E‘,NT Number of transmit antennas 32 x 32,16 X 16
NR7 NE Number of receive antennas 16 X 16,8 x 8
Qm, Qs 1L, s N Path Toss exponent 1.9,2,3.3145]
Cm, Cs L, Cs.N Shadowing effect standard deviation 3.7,4.3,10.7 [45]
ADC quantization bits 8 bits
8T.m, 8T s gT m,8T.s Transmitter sidelobe gain -8.9dB, -5.9dB, -17.8 dB, -11.7 dB [5], [37]
8R,s;8R,u> &R,s> &R.u Receiver sidelobe gain -5.9dB,-2.9dB, -11.7dB, -5.7 dB [5], [37]

B. CAPACITY WITH OUTAGE

We assume that the transmitter fixes the minimum received
SINR at tyip = 0 dB. In Fig. 3(a), we compare the capacity
with outage of single-hop backhaul mmWave-IBFD- and
HD-IAB networks in terms of different bias ratios TTS with
various values of the RSI controlling factor 1, which denotes
the level of SIC (higher values denote poorer SIC). In general,
as TL increases, the capacity with coverage decreases, which
can be explained by Theorem 2 and the analysis in previous
subsection. When n > —50 dB, the effect of the RSI on the
capacity with outage becomes obvious. However, when >
—20 dB, the capacity with outage for different values of
tends to be stable. This is because a high RSI makes the SINR
coverage of the IAB-node tier approach 0; hence, the SINR
coverage of the network is nearly dominated by that of the
gNB tier. In addition, a trade-off between using IBFD and HD
can be observed in the figure because the capacity with outage
ratio of IBFD to HD decreased as 1 and/or 7?—;1 increased.
In some circumstances HD can outperform the IBFD. For
example, for L T = 20 dB, HD provides a higher capacity
with outage than IBFD when n > —40 dB. Interestingly,
with efficient SIC, for TTS = 0 dB, using IBFD transmission
can nearly double the capacity with outage compared to using
HD; even if a high RSTis reserved, the capacity with outage of
IBFD still outperforms that of HD. This is an attractive result
because one can benefit from IBFD with high RSI power by
tuning T rather than exploring difficult and expensive SIC
techmques to achieve higher levels of SIC. In addition, the
capacity with outage ratio of IBFD to HD decreased as ﬁ
increased.

In Fig. 3(b), we also study how the capacity with outage
of the single-hop backhaul mmWave-IBFD-IAB network is
affected when using an ADC with different resolutions at
various bias ratios at 7p;; = 0 dB. Evidently, the capac-
ity with outage can be improved by increasing the ADC
quantization bits and reducing the bias ratio. Meanwhile, the
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capacity with outage saturates when the ADC resolution is
higher than 5 bits, indicating that the ADC quantization noise
effect becomes negligible compared to other interference
and noise in our analyzed network. This result emphasizes
the feasibility of using a low-resolution ADC in a network.
Low-resolution ADCs are preferred in mmWave communica-
tions because their low power consumption can compensate
for the high power consumption imposed by numerous RF
chains [46].

The simulation results for verifying the analytical results
of capacity with outage are omitted because they depend on
the SINR coverage, which shows a close match between the
simulation and analytical results in Fig. 2(b).

C. ERGODIC CAPACITY

Fig. 4 compares the network ergodic capacity with varying
RSI factor n and hard-core distance £ between single-hop
backhaul FR2-IBFD- and HD-IAB networks in terms of dif-
ferent density ratios of the IAB-node to gNB i‘—‘; Fig. 4(a)
shows how the RSI affects the network ergodic capacity.
Note that when —S increases, the effective cell radius of
the IAB-node t1er decreases resulting in a higher ergodic
capacity of the corresponding link. In contrast, the ergodic
capacity of the gNB tier is reduced because the UEs are more
likely to be served by the IAB-nodes as = increases. When
n < —50dB, the ergodic capacity mcrement of the TAB-node
tier is higher than the decrement of the gNB tier as the ratio
increases. Thus, the overall ergodic capacity increases as the
ratio increases. However, for n > —50 dB, the growth in
the ergodic capacity of the [AB-node tier is less than that of
the gNB tier as the ratio increases; hence, the overall ergodic
capacity decreases as the ratio increases. This result indicates
that with successful SIC, the network ergodic capacity can be
improved by increasing /\k—; Compared with HD transmission,
if n < —50 dB, the ergodic capacity provided by the IBFD
scheme is around 1.6 times higher than that provided by
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HD transmission, regardless of the density ratio. However,
in the high RSI factor n region, the higher the density ratio,
the lower the ergodic capacity provided by the IBFD, and
thus, the lower the ergodic capacity ratio of IBFD to HD
%ﬂ is. Moreover, a similar trade-off between using HD and
IBFD, as shown in Fig. 3(a), can be concluded here, i.e., the
ergodic capacity of HD can outperform IBFD for a high /{\—;
and/or high 7. Since the close match between the simulation
and analytical results is shown in the figure, which indicates
good accuracy given by our analytical results derived for the
network ergodic capacity.

In Fig. 4(b), by fixing the density of the gNB, the inter-
ference given by the gNBs is suppressed by increasing the
hard-core distance £, and as £ increases, the network ergodic
capacity increases, which is the case for both the IBFD and
HD schemes. In particular, as £ increases, the IBFD ergodic
capacity gap between different node density ratios is reduced.
Interestingly, when & is equal to 0, MHCPP converges to PPP,
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which yields the lowest ergodic capacity. This result high-
lights the necessity of imposing a suitable distance between
the gNBs. Moreover, with successful SIC, IBFD provides a
higher ergodic capacity than HD, regardless of & is. The sim-
ulation results are omitted here because the accuracy of our
analytical results on the network ergodic capacity is verified
in Fig. 4(a).

D. EFFECT OF ASSUMPTION 1

In Fig. 5, we simulate the ergodic capacity for different links
per subcarrier to analyze the effect of Assumption 1 by sim-
ulations and provide the corresponding ergodic capacity for
the multi-path scenario with three paths for both the LoS and
NLoS. For the multi-path scenario, we relax Assumption 1,
and the power of the desired signal is calculated based on
Lemma 1 in [5]. This lemma states that for a large number
of antennas, when the number of paths is much smaller than
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HD Ergodic Cap

the number of antennas, the power of the desired signal
converges to the power given by the strongest path, where
the optimal RF beamformers are given by the AoA and AoD
of the strongest path. With Assumption 1, the single path
channel is assumed to exhibit flat fading, that is, the channel
gain is the same for all subcarriers. Therefore, we obtain a
constant ergodic capacity across all subcarriers. By relax-
ing Assumption 1, y[k] in (4) varies for each subcarrier,
which gives us the concave curves in Fig. 5. It can be seen
that Assumption 1 is a strong assumption, which gives us
an upper band on ergodic capacity. Without Assumption 1,
the performance analyzed in the previous subsections is
degraded. Moreover, by adding a multi-path to the picture,
we can observe further degradation of ergodic capacity. This
is because multi-path propagation introduces additional inter-
ference, which reduces the SINR compared with that in the
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FIGURE 5. Ergodic capacity comparison for different links per subcarrier
in terms of single path and multi-path scenario.

single path scenario. However, even if Assumption 1 is a
strong assumption, it provides tractability in stochastic geom-
etry analysis for OFDM modulation, because the statistics of
raised cosine pulse shaping filters are still unknown in the
literature and are difficult to derive owing to the complex
impulse response of the filter [47], [48].

VII. CONCLUSION

In this study, the performance of multi-cell wideband single-
hop backhaul mmWave-IBFD-IAB networks using stochastic
geometry, where the gNBs are deployed in MHCPP, was
investigated. For the Nakagami-M small fading and log-
normal shadowing effect, we leveraged the approximated
composite GL distribution for network performance analysis.
Moreover, for simplicity, the PGFL of PPP was adopted to
approximate the mean interference given by the gNBs. Con-
sequently, our closed-form performance metrics showed a
close match with the simulations. Furthermore, comparisons
were made with the performance of the single-hop backhaul
mmWave-HD-IAB networks. The numerical results demon-
strated that tuning the bias ratio of the IAB-node to gNB, the
SINR coverage at a fixed SINR threshold shows a convex
trend. Interestingly, we found that by selecting a suitable bias
ratio, the IBFD scheme can always perform better than HD,
even with a high RSI power, relaxing the requirement for
high-quality SIC techniques. Moreover, at SINR = 0 dB,
the effect of ADC quantization noise can be neglected at a
lower resolution. As for the network ergodic capacity, fixing
the density of gNB, the ergodic capacity was enhanced by
deploying gNBs with MHCPP compared to deploying gNBs
with PPP, emphasizing the advantage of utilizing MHCPP.
Moreover, the larger the hard-core distance, the higher the
ergodic capacity. Additionally, with a small RSI power, the
ergodic capacity can be improved by increasing the ratio of
the density of the IAB-node to gNB.
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Further work can be focused on determing the transfor-
mation properties of the MHCPP and deriving the system
performance with the impact of hardware impairments and
channel estimation error. Moreover, the design and analysis
of a multi-hop backhaul scenario are worth studying.

APPENDIX A

COMPOSITE GAMMA-LOGNORMAL DISTRIBUTION

Given that X ~ Gamma(M,1/M) and Y ~ InN(Q,62)
are independent Gamma and Lognormal distributed random
variables, respectively, then Z = XY ~ GL(M, 1%/1’ Q,62)
is defined as a composite GL distributed random variable
with E{Z) = e#+055° Ag the exact PDF is intractable
for deriving the corresponding CDF and Laplace transform,
a good approximation is provided by [29, Lemma 1].

The corresponding approximated CDF is given as

Fz(2) ~ ZWIV (M ZMe_(ﬁ””"H‘)) , (28)

') Zt W
where y(s, x) f(;c t*~le7'dr is the incomplete gamma
function. T, w;, and v; are the number of gamma dis-
tribution samples, weight, and abscissas factors for the
Gaussian-Hermite integration, respectively, whose values can
be obtained from [49].

The Laplace transform is approximated as

T

20 =Bl g S

M
s+Me*(‘/7‘}"f+ﬂ))

MM =M (2v+i0)

(29)

APPENDIX B

PROOF OF PROPOSITION 2

A typical UE is associated with its nearest LoS IAB-node
rather than the nearest gNB and NLoS IAB-node if the nearest
LoS TAB-node can provide the highest long-term averaged
biased-received-desired-signal power, given as
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X e

XfRXIS‘O(rs,L)drs,b (30)

where (a) is derived by substituting the mean power of the
composite fading. (b) is obtained by taking the average of
Ryg = 7s,1. By using Lemma 1 and Lemma 2, we can
coinplete the proof. The proof of Ag N can be provided in a
similar manner.

APPENDIX C

A USEFUL LEMMA

A useful lemma shown below can support the derivation of
SINR coverage. With the following lemma, one can easily
deploy the PGFL of PPP to estimate the mean interference
from gNBs in the backhaul link and the gNB-associated
access link.

Lemma 3: Given the density of the MHCPP gNB as Ap
with hard-core distance &, it can be approximated by thinning
the density of its parent PPP Xm with pm(ro), where pp(ro) is
the conditional thinning Palm probability with ro > 0 being
the distance between the two gNBs, which is expressed as

"Szzm l—ei‘imk
xm(/ingz) |:1 - W} § <ro<2

ro)=
pm(ro) o > 26
0 otherwise,
3D
2
with k = 2% — 26%cos™! (;—2) + roy/E2 — %0
Proof: A proof can be found in [23]. |

APPENDIX D
SOLUTION OF THEOREM 1
A. SOLUTION OF P (SINRy,y > 7)

The SINR coverage for the LoS IAB-node associated access
link is expressed as

P (SINRgy: > 7)

Ng—1 (R0
- (1 - NL) / P (hOXsL > G
T 0
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with i = —0.18In10 and & crs L = 0.1¢,1.1n10. (a) is derived
from the approximated CDF of the composite GL distribution
and (b) can be referred to [50, Eq.(8.4.8)].

Next, we present the mean interference from LoS [AB-
nodes in (33), as shown at the bottom of the page, where (c)
is derived according to the approximated Laplace transform
of the composite GL distribution. After applying the PGFL
of PPP, we obtain (d). In (e), we explore the independence
of different beamforming gain scenarios, b; takes one of the
beamforming gains from (9), and ¢; takes the corresponding
probability.

Then, the mean interference from NLoS IAB-nodes
{0

where Gg = (Lo~ (V2sLvitil)

can be obtained by a similar step in (33)
A5 L
with integration from r:fN Ay2 to Ry.

Finally, we derive the mean interference from the gNBs.
Because of the lack of knowledge of the PGFL of MHCPP,
we assume gNBs as a virtual PPP with a density of Ay, to
approximate the mean interference, which has been verified
to provide a good approximation in [31]. Consequently, with
the help of the PGFL of PPP, we have (34), as shown at the
top of the next page, where oy, = 0.1¢,In10. The solution

for P’ | SINRg,n > ‘L') can be similarly derived.

B. SOLUTION OF P (SINRg, > 7)
Likewise, the SINR coverage for the typical backhaul link
P SINR()Xm > r) can be approximated in a manner similar
to (32). The mean interference from LoS/NLoS IAB-nodes
can be derived from a similar step in (33) with an integration
limit from O to Rg because the typical IAB-node can only be
served by the gNB.

As for the mean interference from other gNBs, we still
use the PGFL of PPP to make the approximation, which is
given in (35), as shown at the top of the next page, where

KN (14—

Gy = m f 1.5 22q) Gor = GoMnme (ﬁamv,+u)
PmNT (NR) ( 1. 522q)

= ./r*+ rg — 2rrgcos(?), pm(ro) is the thinning prob-

ability derived in [23, Lemma 1].

C. SOLUTION OF P (SINRgy,,, > 7)

Similarly, the SINR coverage for the gNB-associated access
P (SINROXm > T) can be approximated by following the steps
in (32). The mean interference from LoS/NLoS TAB-nodes
follows the similar way as in (33), with the integration limit

Olm
from rm A to Ry, where j € {L, N}. The mean interference
from other gNBs can be approximated in a manner similar to
that in (35).

APPENDIX E
SOLUTION OF THEOREM 3
According to [24, Lemma 2], we have

R = E{W log,(1 + SINRgy, )} = (1 —
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