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ABSTRACT

This paper considers multi-hop wireless backhaul in randomly
distributed heterogeneous cellular networks. Following the frame-
work of stochastic geometry, we model the distribution of access
points with wireless backhauls and that of base stations with dedi-
cated wired backhauls as two independent Poisson Point Processes.
A routing protocol that aims to maximize the network throughput
is proposed. To improve the spectral efficiency, intra-cell resource
reuse is applied. A tractable interference model is established by
taking both the inter-cell and intra-cell interferences into considera-
tion. Our performance analysis shows that the proposed scheme is a
more energy efficient alternative to the single-hop backhaul.

Index Terms— Heterogeneous cellular network, wireless back-
haul, multi-hop relay, stochastic geometry

1. INTRODUCTION

The deployment of small low power base stations transforms the
macrocell-based cellular network into a heterogeneous one. The
densification of small cells necessitates the densification of back-
haul connections; however, due to geographic limit, it may not be
cost-effective, or even possible, to provide each small base station
with a wired backhaul. One possible solution is wireless backhaul,
where small base stations backhaul their data through the wireless
links to their neighbors, which have wired connections to the core
network [1].

In this paper, we use access point (AP) to refer to a small base
station with only wireless backhaul and base station (BS) to refer to
one equipped with dedicated wired backhaul. We use cell to denote
the area served by a BS and/or its associating APs.

We propose to explore the performance analysis of cellular net-
works with multi-hop wireless backhaul using stochastic geome-
try [9]. As a powerful mathematical tool in network performance
analysis and optimization, stochastic geometry has been widely ap-
plied in the modeling of heterogeneous networks in recent years [2]
[3] [4]. In [5] [6], stochastic geometry was used to analyze relay-
aided rwo-hop cellular networks. In [7] [8], it was used to analyze
multi-hop transmission in ad-hoc networks. In this paper, we extend
the analysis to cellular networks with multi-hop wireless backhaul
by identifying two major challenges: routing selection and interfer-
ence modeling. First, we propose and analyze a distributed routing
protocol. Then, we utilize stochastic geometry methods to model
the interference that APs are subject to. Combining the results of
these two parts, we calculate the throughput and spectral efficiency
of multi-hop backhaul. Numerical results show that the proposed
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scheme achieves a notable improvement on spectral efficiency over
the single-hop wireless backhaul under the scenarios where the BSs
are sparsely deployed or the transmit power is limited.

2. SYSTEM DESCRIPTION

2.1. Network Description

We consider a heterogeneous cellular network consisting of BSs,
APs and end-point users. Since we primarily focus on wireless
backhaul, it is assumed that the communication between users and
BSs/APs are over a different spectrum from the one used by wire-
less backhaul. As a result, the interference from users to wireless
backhaul can be avoided.

Let $ps = {XBS,i} and ®prp = {XAP,]'} denote the sets of
of BSs and APs, respectively, where Xgg/ap,i/; is the random lo-
cation of the i/jth BS/AP. ®ps and ®ap are modeled as two inde-
pendent homogeneous Poisson Point Processes (PPPs) with intensi-
ties Agps and Aap, respectively. Each BS/AP is equipped with two
omni-directional antennas, one for transmission and the other for re-
ception, and transmits signals with power Pr. It is assumed that
AP Xp,; establishes a multi-hop wireless backhaul to BS Xjs ;
via the relay of other APs. Let Xup, R;.:(n) denote the nth relay
from Xap ; to Xpgs,; and N; ; the number of hops needed. In par-
ticular, XAP,RJ'J(O) = XAP,]‘ and XAP«Rj,i(Nj,i) = XBS,z‘- In the
routing process that we will propose, the selection of the next relay
XAPijﬁi(n_‘_l) is determined by XAP,RjYi(n). Each AP will search
for a route to its nearest BS, and we denote the set of all the APs that
backhaul to BS X ; by ®or®’

The total available spectrum is divided into resource blocks
(RBs). For simplicity, all the RBs are assumed to have the same
bandwidth. Throughout the paper, a saturated traffic load model is
assumed, where all the APs are active and demand the same amount
of bandwidth for backhaul. The multi-hop wireless backhaul op-
erates in a virtual circuit mode. For 0 < n < Nj;; — 1, each
node Xap r; ;(n) Will take two RBs to set up the communication
links with the next relay node Xp, Rj.i(n+1), one for the uplink
Xap.R; i (n) — Xap R, ;(nt1) Using RB};(n), and the other for
the downlink Xap,r; ,(nt+1) = Xap.r,.,(n) Using RBS;(n). Each
virtual link may be subject to the interference generated by other
nodes (either BS or AP) transmitting over the same RB.

To improve the spectral efficiency, RBs can be partially reused
within one cell. In general, the APs that are close to the BS are
likely to have more virtual links than those farther away, because
inner APs have to relay the packets of the outer ones. To reduce
intra-cell interference due to RB reuse, available RBs in the cell of
Xags,; are divided into two sets Sl%B,i and SI%BJ, where the RBs in
SI%BJ are allocated to the APs within distance r;, from the BS and
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cannot be reused in the same cell, while RBs in SI%B,Z- are used by
virtual links out of that region and can be reused. Based on the ratio
of the number of RBs to the number of virtual links required, if on
average, each RB in SﬁB,i is reused p times, then p is called the
resource reuse factor of the system. To minimize the interference
from/to the BS, the BS only uses RBs in SﬁB,i.

For any Xap; € @i?s’i, consider the backhaul from Xap ;
to Xgs,i. Let N}, denote the number of hops within Bx s, ()
(Bz(r) denotes the ball centered at & with radius r), and NfZ de-
note that out of Bxy , (1) It follows that N;; = Nj, + NZ,.
Let | - | denote the number of elements in a given set, then the total
number of RBs is NVrp,; = |S]%B,i| + |S§B,i|v and we have

|Sre.il = D 2Nji , |SReal = (> 2N7.)/n.

XBs,i
XAP,jEPAp

ey

XBS,i
XAP,jEPAp

2.2. Channel Model

Path-loss and fast fading are considered. The received power of a
signal transmitted at a distance of d with transmitting power Pr is
Pr(d) = %, where [(d) is the path-loss function of distance d
and H is a random channel gain. A simplified model is

I(d) = ko - d°, 2)

where £ is the path-loss exponent, o = (47 /v)?, and v is the elec-
tromagnetic wavelength. [ is an exponentially distributed random
variable with mean 1, i.e., Rayleigh fading is considered. Indepen-
dent fast fading is assumed for different transmitter-receiver pairs.
The fast fading between location ' and x> is denoted by Hz| 2.

2.3. Problem Formulation

In the following, a typical BS X3s o and its subscribing AP Xap o at
distance r are considered. Without loss of generality, it is assumed
that Xps,o is located at origin o and Xap,0 located at o = (7, 0).
To evaluate the multi-hop backhaul, we study the following metrics.

Definition 1 (Forward Progress). The forward progress (FP) at AP
Xap,0, which indicates the distance a packet travels towards the des-
tination at the particular hop, is defined as

FP(Xap,0) =1 — | Xap R o (1)]- (3)

Definition 2 (Hop Distance). The hop distance at Xap,o is defined
as

L(Xar,0) = | Xar,0 — Xap,Ro (1) 4)

The downlink throughput is studied. Denote the signal-to-
interference-noise-ratio (SINR) of the link from Xap g (n+1) t0
Xap,Rg o(n) by SINRG o The single-hop throughput of the link is
defined as

Ts(Xap,Ro o(n+1)s X AP, Ro o(n)) = Rp-PT{SINRG o > Osmr }, (5)

where 0 <n < Noo— 1, R, = ﬁ log, (1 + fsivg) is the infor-
mation rate per packet, B is the bandwidth of total available spec-
trum, and Osing is the SINR threshold for successful transmission.
Note that Pr{SINRg o > Osir} is the coverage probability of the
link. Since wireless backhaul operates in virtual circuit mode, the
throughput of backhaul is bottlenecked by the link with the lowest
throughput, i.e.,

To(Xap,0) :O<n£nj\i{)107’;1[‘S(XAP,ROVU(7L+1)7 X ap,Ro.o(n))-

(6)
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Fig. 1. Illustration of routing selection in (7, 0).

Accordingly, the spectral efficiency of cell Xgs,o is defined as

>

XBS,0
AP

1

=3 Ty (Xap,;)- (7

n

Xap,j €EP

Our goal is to calculate and maximize 1 with respect to different
routing and resource reuse options.

3. THE PROPOSED ROUTING PROTOCOL

In this section, we propose a routing protocol for multi-hop wireless
backhaul. Based on the routing protocol, we investigate the bounds
for the FP and hop distance, and then calculate the hop number.

3.1. Protocol Design

Ideally, relays should lie on the line segment between the source
and the destination to avoid the detour in routing, and their intervals
should be equal since the throughput of the path is bottlenecked by
the hop with the longest distance. We denote the hop distance by
d. Since Nj ; is inversely proportional to d, and for a given receiver,
the coverage probability of a single hop is a decreasing function with
respect to d because of path-loss, there exists an optimal d,,, that can
maximize (6). Motivated by this observation, we propose that X ap,o
selects its next hop nearest to ngfRo,u(l)’ where X %
Xap,0—XBs,0

AP,Rg (1) —
(Xap.0 = dopt [Xap,0—XBgs,0]
under the ideal scenario. If | X ap,0 — Xgs,0| < dopt, Xap,0 connects
to the BS directly. An example of hop selection is illustrated in Fig.
1. The process repeats until Xps o is reached. dop: is computed
numerically by maximizing the spectral efficiency.

) is the optimal location of the next hop

3.2. Approximation of Forward Progress and Hop Distance

In this subsection, we derive the lower bound of FP and the upper
bound of hop distance.

Define B = | Xap koo (1) — X3b ro o1
Xap Ry o(1) to its ideal location. For r > dopt, in accordance with
Slivnyak theorem [9, Theorem 1.4.5], the conditional probability
that F is greater than ¢ given X ap,o located at g is

)| as the distance from

Pr{E > t | @0} < Pr{®ap(B(r_a,,,.0)(t)) = 0} = e 207

If for some 7, Pr{E > 7 | @0} is less than a small threshold,
e.g., 0.01 is applied throughout this paper, Xap,0 can then find its
next hop within B, g, , 0y(7) with a probability as high as 99%.
Accordingly, the following approximation is made.

Approximation 1. For an AP at a distance of r from the serving BS,
where r > dopt, the FP is lower bounded by FPuin = dopt — 7,
and the hop distance is upper bounded by Lmax = dopt + 7, where

e T ()01,



3.3. Hop Number Calculation

In this subsection, we derive upper bounds for the hop number.

Proposition 1. Given the AP Xap o located at a distance of r from
its nearest BS Xgs 0, the hop number on the backhaul of Xap,o is
upper bounded by

L
,
FPpin’

0<7‘§d0pt,

dopt <. (8)

N0,0S{ 1+

Proof: For r < dopt, Xap,0 connects Xpgs o directly. If r > dope,

we have 2523_2 FP(Xap,Ro o(n)) < 7 because Zgi’g_l
FP(XAP,RO’O(n)) = r, and |XAP7R0,0(71)| > dopt for n <
No,o — 2. In accordance with Approximation 1, it follows that

(No,o — 1) - FPnin <71, ie., N070 <1+ FPZ}in . O

The upper bound derived in (8) is applicable to any AP given its
distance to the nearest BS. Without loss of generality, we denote the
upper bound in (8) by N (7) to represent the upper bound on the hop
number of a generic AP located at a distance 7 from its nearest BS.

Note that Ngo = 1if 75 < dopt, and Nog = Ny if 7 < 7p.
We make the following approximation on Ng o and N§.q.

Approximation 2. If r > ry, > dopt, the means of N&O and Ng,o are
approximated by

—d,
E{Ngo} & == (E{Noo} — 1) + 1, ©)

— Ty + dopt
T

E{NZo}~ = (E{No,o} —1). (10)

By replacing the E{No,0} in (9) and (10) with N (r), the upper
bounds of E{Nj,} and E{NG ,} can be obtained. Similar to the
case of hop number, these upper bounds are also applicable to any
AP given its distance to the nearest BS. Thus, we denote the upper
bounds by N1(r) and N2(r) respectively.

Based on Proposition 1 and Approximation 2, the means of
| Sk 0| and |Skp o| are derived below.

Proposition 2. The means of |S,%BJ-| and |S,%37i| are upper bounded

by
1
E{|Sks.:|}
_ 2 _ 2
Al;s-)\lﬁlgmin [dopt ) (e ﬂ-)\BSdam —€ WABSTb)
< _"_t"ff(\/%Esﬂ'do;t);f'fc(\//\BSW‘Tb)] + %}1;7 b > dopt, (11)
BS
Aar/Aps, 0 <1y < dopt.
2
s [dope - ™70
, T erfc(v/ Apsm - b)), 76 > dopt,
E{Sks.ilt < s (12)
{l RB,1|} = )\BS.I?I/;:HE'M [dopt . efwkgsd?,pt

‘lm 'elfC(\/)\Bsﬂ-dopt)], 0<ry <dopt-

Proof: Suppose that all the APs backhaul their data to their nearest
BSs. Given a BS Xgs,; and an AP X ap ; located at a distance of p,

denote the probability that Xap ; € Cbi‘;ss’i by p(p). Applying the

Slivnyak theorem, we have

2
—TABSP

p(p) = Pri{®ps(Bx, (p)) = 0} = ¢ (13)
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For the typical BS Xgs,0 and a given area A, the summation of V. 3-1,0
of the subscribers of Xgs o within A is calculated by
X

|Ske.0(A)| = Z 1(Xap,; € 0"

Xap,j€EPAPMNA

)- NJo. (14)

The expectation of (14) is

E{|Srp,0(A)[}
= Pr{®ar(A) = n}E{Skp o(A) | ar(A) = n}

< / () - NT(|2|)da.
A
So as A — R?, the expectation of |Sgg o| is upper bounded by
E{|Srp,0l} < 2mAap - / p-p(p) - N(p)dp,
0

whose results are given in (11). The upper bounds of |S§B,0| can be
derived similarly. Because of the stationarity, the results are applica-
ble to any BS. O

It can be observed that E{|Skp ;|} and E{|Sgp ;|} are constant
for 7, over (0, dope], so we only consider the case with dope <
7. Let |Si;| and |Sz,| denote the upper bounds of E{|Sgg ;|} and
E{|Sgs.:|}, respectively. For simplicity, hereinafter, we replace ran-
dom variables |SI%B,7;| and |S§B’i| by |5’71{BJ and @.

4. INTERFERENCE MODELING

In this section, we investigate both intra-cell interference I; and
inter-cell interference I, at the typical AP Xap,0. Without loss of
generality, we assume that Xap o receives signals over RB 1. For
simplicity of notation, in this section, we set transmit power Pr = 1.

4.1. Intra-cell interference

First note that I; # Oonly if r > 75, p # 1 and RB 1 € S,%B,O.
Since APs closer to the BS are likely to generate more interference
due to a heavier load of relaying, the distribution of interferers is not
homogeneous. We make the following approximations to render the
interference analysis tractable.

Approximation 3. The distribution of @;BS’O is approximated as
an independent thinning [9, Proposition 1.3.5] of ®ap with reten-
tion function p(p) in (13), i.e., CIDif,BS’O is a PPP with intensity
Ae () =

AP
Approximation 4. For any given RB in S]%B,O and any AP Xp ; €

@ﬁfs‘o at a distance p from Xgs o, the probability that the RB will

be allocated to the backhaul of Xap,; is N7 (p)/[Sgs!-

— 2 . . .
e~ TABSPT . \4p at distance p from origin.

XBs,0

Approximation 5. Define @ﬁfi;ﬁ’l = {Xar; | Xar; €Dyp

. X

RB{,(n) = 1 for some n}. For a given Xap; € ®ppyy, let

AP,R1 denote the hop on its backhaul transmitting over RB 1.
s

s

| X ap R1 O| is uniformly distributed over (75 — dopt, | Xap,;|)-
JRY

XBs,0

Ap.bh.1 18 @ PPP with inten-

Based on Approximation 3 and 4, ¢

_ N3(p) .
[S2s |

X L X -
p. Define @ AP‘? 0 as the set of APs in @,,”>° transmitting over RB 1.

. _ 2 . .
sity Aap,bn,1(p) Aap-e” "BSPT with respect to the distance



Based on Approximation 5 and in accordance with the displacement

theorem [9, Theorem 1.3.9], @iffsl‘” is still a PPP, and its intensity
is

O, P S Ty — dOPt7
)\Ap_ef‘rr-)\BS«rg
o2 7
|S]%B|‘FP1nin')‘BS'g7r'p
Aap-e” ™ ABS P

Dapel TISE o)
1525 |- FPmin-Aps-2mp

Mapa(p) = nodpt SPSTn (1)

4.2. Inter-cell interference

The inter-cell interference is generated by the BSs/APs in other cells
transmitting over RB 1. We assume that the allocation of RBs to
S]%B,i and S,%B,i are independent across different cells. Note that an
arbitrary RB would be reused

— |Srel + - ISk
|Ska| + |Sks]

times per cell on average. As a result, we make the following ap-

proximation.

Approximation 6. The distribution of out-of-cell interferers is ap-
proximated as a homogeneous PPP with intensity z- \gs over R?.

Given the hop distance d, the coverage probability of the vir-
tual link from Xp, Ro (1) tO Xap,0 can be calculated by making
use of the Rayleigh fading assumption [4], which involves the cal-
culation of the LT of the interference [9, Proposition 2.2.4], and the
throughput can be calculated accordingly. Since d is upper bounded
by Lmax, the lower bound of the throughput of a single hop can be
obtained by setting d = Lmax. Then, the throughput of the backhaul
associating to X ap,o is lower bounded by that of the single hop with
the lowest throughput within B (| X ap,0|). The spectral efficiency
can be calculated by treating the throughput of each AP as an inde-
pendent mark and making use of the property of independent marked
Point Process (IMPP) [9, Corollary 2.1.2].

5. NUMERICAL RESULTS

In this section, we demonstrate the performance of multi-hop back-
haul via numerical results. Unless otherwise mentioned, we use
the following parameters: carrier frequency f. = 1 GHz, \gs =
107° /m?, Aap = 1 x 1072 /m?, 8 = 4, fsmr = 10 dB, Np =
—165 dBm/Hz, B = 10 MHz. To make the comparison fair, the
transmit power is normalized by the average resource reuse factor,
Pr /T, to ensure equal power consumption for different 4. The op-
timal dop¢ and 7y is obtained by maximizing the spectral efficiency
through Sequential Quadratic Programming (SQP) in Matlab.

Table 1 lists the optimized parameters for different power and
resource reuse settings. It is observed that: (1) The optimal dop:
decreases as transmit power increases. This is because a transmitter
with higher power could potentially cover a wider area. (2) The opti-
mal d,p; decreases as the resource reuse factor, p, increases because
the intra-cell interference could become more serious with heavier
resource reuse, which would limit the transmit distance per hop. (3)
For 1 # 1, the optimal 7, always equals dop¢. That is, except for the
RBs occupied by the BS, all other RBs should be reused within the
cell, indicating that it is not efficient to sacrifice the bandwidth for
exchange of a lower intra cell interference.

Fig. 2 shows the spectral efficiency for different power and re-
source reuse settings. It is observed that: resource reuse can signif-
icantly improve the spectral efficiency, but spectral efficiency is not

—&— P1/Bpgg = -40 (dBm/Hz)
—¢— P/Bpg = -30 (dBm/H2) | |
P/Bg = -20 (dBm/Hz)

Spectral Efficiency (bps/Hz)

o 5 10 15
"

Fig. 2. Spectral efficiency for different 1« and Pr/Brs

Table 1. The optimal d,p; and r, for different Pr/Bgg and

PT/BRB —40 dBm/Hz —30 dBm/Hz
w (m) 1 7 13 1 7 13
dopt (m) || 71.28 | 39.14 | 30.53 | 115.47 | 55.79 | 39.03
7y (M) - 39.14 | 30.53 - 55.79 | 39.03

o

I
o
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o
o
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o
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Fig. 3. Comparison of spectral efficiency for (a) Ags = 107°/m?
and (b) Ags = 5 x 107" /m>.

monotonically increasing with respect to u, because the increased
number of RBs for smaller FP offsets the expanded bandwidth per
RB introduced by a larger p.

Fig. 3 shows the spectral efficiency of the proposed multi-hop
wireless backhaul in comparison with the single-hop one. It is 0b-
served that: when the transmit power is low or the BSs are sparse,
the proposed scheme obtains a much higher spectral efficiency than
the single-hop wireless backhaul, because the APs far away cannot
reach the BS directly, which necessitates a relay scheme. However, if
the transmit power is high, the single-hop scheme is preferred. This
is because once the single hop link can satisfy the SINR requirement,
the advantage of relaying vanishes, and the extra bandwidth required
in the multi-hop scheme would limit its throughput.

6. CONCLUSIONS

In this paper, we studied the multi-hop wireless backhaul in het-
erogeneous cellular networks. We proposed a routing protocol for
throughput optimization, and a tractable model of intra-cell inter-
ferers by utilizing stochastic geometry. Numerical results showed
that the proposed scheme can considerably improve the spectral ef-
ficiency of cellular network over the single-hop backhaul, under the
scenarios where the transmit power is limited or the BSs are sparsely
deployed.
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