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ABSTRACT

In this paper, we develop a general framework to analyze the
rate performance of a two-tier MIMO heterogeneous network
(HetNet) with wireless backhaul under spatial multiplexing.
We consider linear precoding and receive filtering in the pres-
ence of interference from uplink and downlink transmissions.
We find that the sum rate per area of the HetNet is sensitive
to the network load, i.e., the number of users served by each
base station. We show that a two-tier HetNet with wireless
backhaul can achieve higher sum rate per area than a one-tier
cellular network. However, this requires the bandwidth divi-
sion between radio access links and wireless backhaul to be
optimally designed according to the load conditions.

Index Terms— Heterogeneous cellular networks, MIMO,
wireless backhaul, spatial multiplexing, linear precoding.

1. INTRODUCTION

In order to meet the exponentially growing mobile data de-
mand, heterogeneous networks (HetNets) are being deployed
for the next generation of wireless communication systems
[1, 2]. HetNets will provide higher coverage and throughput
by overlaying macro cells with a large number of small cells
and access points, thus offloading traffic and reducing the dis-
tance between transmitter and receiver [3–5].

When small cells are densely deployed, it becomes nec-
essary to aggregate a massive cellular traffic from small cell
access points (SAPs) towards macro base stations (MBSs),
and a wireless backhaul is regarded as the only practical so-
lution for outdoor scenarios where wired links are not avail-
able [6,7]. A dense deployment of small cells that use a wire-
less backhaul will shift the design challenge from the radio
access links to the backhaul, which can thus be identified as
the new bottleneck of the network [8].

Therefore, it is critically important to investigate how em-
ploying a wireless backhaul to connect SAPs and MBSs af-
fects the overall network performance. Despite a growing in-
terest from the research community [9–11], the current liter-
ature still lacks a general study that encompasses all the key
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features of a HetNet, namely interference from uplink (UL)
and downlink (DL) transmissions, spatial multiplexing, lim-
ited backhaul capacity, and random channels and topology.

In this paper, we study the sum rate per area of a MIMO
HetNet with wireless backhaul under spatial multiplexing.
We develop an analytical framework that combines tools
from random matrix theory and stochastic geometry. Our
analysis is general and accounts for linear precoding and
receive filtering, UL/DL transmissions, interference, load,
and deployment strategy. We quantify the impact of several
network parameters on the rate, thus providing useful design
insights. Our main contribution are summarized as follows.

• We provide a general toolset to analyze the rate of a
two-tier MIMO HetNet with wireless backhaul. Our
model accounts for both UL and DL transmissions and
spatial multiplexing, for the bandwidth and power allo-
cated between macro cells, small cells, and backhaul,
and for the infrastructure deployment strategy.

• We find that, under spatial multiplexing, the rate is sen-
sitive to the load conditions of the network, thus estab-
lishing the importance of scheduling the right number
of UEs per base station when linear schemes are em-
ployed for precoding and receive filtering.

• We show that in certain scenarios, a two-tier HetNet
with wireless backhaul can exhibit a significant perfor-
mance gain over a one-tier cellular network. However,
this requires the backhaul bandwidth to be optimally al-
located according to the load conditions of the network.

2. SYSTEM MODEL

We study a two-tier HetNet which consists of MBSs, SAPs,
and user equipments (UEs), as depicted in Fig. 1. The spatial
locations of MBSs, SAPs, and UEs follow independent PPPs
Φm,Φs, andΦu, with spatial densitiesλm, λs, andλu, respec-
tively. All MBSs, SAPs, and UEs transmit with powerPmt,
Pst, andPut, and are equipped withMm, Ms, and 1 antennas,
respectively. Each UE associates with the base station that
provides the largest average received power, and each SAP
associates with the closest MBS. The links between MBSs-
UEs, SAPs-UEs, and MBSs-SAPs are referred to asmacro
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Fig. 1. Illustration of a two-tier heterogeneous network with
wireless backhaul.

cells, small cells, andbackhaul, respectively. We approximate
the number of UEs and SAPs associated to a MBS, as well as
the number of UEs associated to a SAP by constant values
Km, Kb, andKs, respectively. In light of its higher spectral
efficiency [12], we consider spatial multiplexing where each
MBS and each SAP simultaneously serveKm andKs UEs,
respectively, and each MBS simultaneously servesKb SAPs
on the backhaul. We assumeKm ≤ Mm, Ks ≤ Ms, and
KbMs ≤ Mm, due to spatial multiplexing limitations [13].
The load on macro cells, small cells, and backhaul is denoted
by βm = Km

Mm
, βs =

Ks
Ms

, andβb = KbMs

Mm
, respectively.

In this work, we consider a co-channel deployment of
small cells with the macro cell tier, i.e., macro cells and small
cells share the same frequency band for transmission. As op-
posed to non-co-channel deployments, this provides higher
efficiency and better spectrum utilization [14]. We further
consider an out-of-band wireless backhaul [6], i.e., the to-
tal available bandwidth is divided into two portions, wherea
fractionζb is used for the wireless backhaul, and the remain-
ing (1 − ζb) is shared by the radio access links (macro cells
and small cells). In order to adapt the radio resources to the
variation of the DL/UL traffic demand, we assume that MBSs
and SAPs operate in a dynamic time division duplex (TDD)
mode [14], where at every time slot, all MBSs and SAPs in-
dependently transmit in downlink with probabilitiesτm, τs,
andτb on the macro cell, small cell, and backhaul, respec-
tively, and they operate in uplink for the remaining time. We
model the channels between any pair of antennas in the net-
work as independent, narrowband, and affected by two atten-
uation components, namely small-scale Rayleigh fading and
large-scale path loss, whereα is the path loss exponent, and
by thermal noise with varianceσ2. We assume that all MBSs
and SAPs use a zero forcing (ZF) scheme for both transmis-
sion and reception, due to its practical simplicity [15,16].

3. RATE ANALYSIS

In this section, we analyze the data rates of a HetNet with
wireless backhaul, by first deriving all uplink and downlink
rates on macro cells, small cells, and backhaul. Unless other-
wise stated, the analytical expressions provided in this section
are tight approximations of the actual data rates. Due to the
page limit, some proofs and mathematical derivations have
been omitted. These can be found in [17], along with several
simulation results that confirm the accuracy of the analysis
and approximations presented in this section.

By noting that in practice MBSs are equipped with a rel-
atively large number of antennas, we can use random matrix
theory tools to obtain the rate on a macro cell link [18–20].

Lemma 1. The DL and UL rates on a macro cell are

RDL
m =(1−ζb)
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∫

0

∞
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fI1(x, t) fIu(z) frm(t) dx dz dt (1)

RUL
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log2
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]

fI2(x) frm(t) dx dt (2)

with fIu(x), fI1(x), fI2(x), frm(t), and Gm given by (4), (5),
(12), (9), and (10).

Proof. Consider a typical UE located at the origin with its
serving MBS atc. Under dynamic TDD, the deterministic
equivalent of the downlink SINR can be written as [21]

γDL
m → γ̄DL

m =
Pmt (1− βm) (Gmπ)

α
2

βmΓ
(

1 + α
2

)

(I1 + Iu + σ2)
, a.s. (3)

with I1 and Iu the aggregate interference from MBSs and
SAPs and the interference from UEs, respectively. The proba-
bility density function (pdf) ofIu can be approximated as [22]

fIu(x) =
λ̃uP

2
α

ut

4
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)
3
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ut λ̃
2
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16x
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(4)

whereλ̃u = (1− τm)λmKm + (1− τs) λsKs. Conditioned
on‖c‖ = t, the pdf ofI1 can be approximated as [23]

fI1(x, t)=e
−

(log x−µI1,N (t))2

2σ2
I1,N

(t) ·
[√

2πxσI1,N(t)
]

−1

, x > 0 (5)

whereµI1,N (t) = logµI1(t) − 0.5 log
(

1 + σ2
I1
(t)/µ2

I1
(t)
)

and σI1,N (t) = log
(

1 + σ2
I1
(t)/µ2

I1
(t)
)

, with µI1(t) and
σ2
I1
(t) given byµI1(t) = PmtGm2πt

−(α−2)/α− 2 and

σ2
I1
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P 2
mtπt

−2(α−1)
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2
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]
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Under the association rule defined in Section 2, the probabil-
ity that a UE associates with a MBS or SAP can be respec-
tively calculated as [3]

Am = τmλmP
2
α

mt/
(

τmλmP
2
α

mt + τsλsP
2
α

st

)

, (7)

As = τsλsP
2
α

st /
(

τmλmP
2
α

mt + τsλsP
2
α

st

)

. (8)

As such, the pdf of‖c‖ = rm can be obtained as [3]

frm(r) =
2πτmλmr

Am
exp

(

−Gmπr
2
)

, r ≥ 0 (9)

Gm = τmλm + τmλm

(

Pmt
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)
2
α
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The DL rate then follows by using the continuous mapping
theorem. The deterministic equivalent for the UL SINR is

γUL
m → γ̄UL

m =
Put|Mm(1− βm)|‖c‖−α

σ2 + I2
, a.s. (11)

whereI2 = I1 + Iu. We approximate the pdf ofI2 as [22]
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from (11), (12), and the continuous mapping theorem.

Next, using the effective channel distribution, we derive
the uplink and downlink rates for the small cell as follows.

Lemma 2. The DL and UL rates on a small cell are given by
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where fv(v) follows a gamma distribution given by fv(v) =
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Proof. See [17] for a detailed proof.

More compact upper and lower bounds on (13) can be
found in [17]. We now derive downlink and uplink rates on
the wireless backhaul of a HetNet as follows.

Lemma 3. The DL and UL rates on the wireless backhaul are
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Proof. See [17] for a detailed proof.

By combining the previous results, we can now write the
sum rate per area in a HetNet with wireless backhaul.
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Theorem 1. The sum rate per area in a heterogeneous net-
work with wireless backhaul is given by

R = B
(

Kmλm+Ksλs

){
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[
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]
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where B is the total available bandwidth, and RDL
m , RUL

m ,
RDL

s , RUL
s , RDL

b , and RUL
b are given in (1), (2), (13), (14),

(18), and (19), respectively.

Proof. See [17] for a detailed proof.

4. NUMERICAL RESULTS

In this section, we provide numerical results to show the effect
of several network parameters on the sum rate per area, and to
give insights into the optimal design of a HetNet with wireless
backhaul. Unless differently specified, the parameters areset
asPmt = Pmb = 47.8dBm,Psb = Pst = 23.7dBm,Put =
17dBm,σ2 = −96dBm, τm = τs = τb = 0.6, Mm = 100,
Ms = 4, B = 20MHz, λm = 10−6m−2, andα = 4. We refer
to light load, medium load, andheavy load conditions as the
ones of a network withβm = βs = βb = 0.25, βm = βs =
βb = 0.5, and0.9 ≤ βm, βs, βb < 1, respectively.

In Figure 2, we compare the sum rate per area of a HetNet
under various load conditions and for different portions ofthe
bandwidth allocated to the wireless backhaul. Figure 2 shows
that the performance is highly sensitive to the bandwidth al-
location, and that there is an optimal value ofζb which max-
imizes the sum rate per area. The optimal value ofζb in-
creases as the load on the network increases, since SAPs need
to forward more backhaul traffic to the MBSs to meet the rate
demand. Figure 2 shows also shows that under spatial multi-
plexing, the network load has a significant impact on the sum
rate per area. This indicates the importance of scheduling the
right number of UEs per base station.

In Figure 3, we plot the sum rate per area of the network
versus the number of SAPs per MBS. We consider three sce-
narios: (i) optimal bandwidth allocation, where the fraction
of bandwidthζb for the backhaul is chosen as the one that
maximizes the sum rate per area; (ii) fixed bandwidth allo-
cation, where the bandwidth is equally divided asζb = 0.5;
and (iii) one-tier cellular network, where no SAPs or wireless
backhaul are used at all, i.e.,ζb = 0. Figure 3 shows that in
a two-tier heterogeneous network there is an optimal number
of SAPs associated to each MBS via the wireless backhaul
that maximizes the sum rate per area. Such number is given
by a tradeoff between the data rate that the SAPs can provide
to the UEs, the interference generated, and the demand on
the backhaul. This figure also indicates that a two-tier Het-
Net with wireless backhaul can achieve a significant rate gain
over a one-tier deployment. However, this requires the back-
haul bandwidth to be optimally allocated.
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5. CONCLUSION

In this work, we undertook an analytical study for the de-
sign of HetNets with wireless backhaul. We used a general
model that accounts for uplink and downlink transmissions,
spatial multiplexing, and resource allocation between radio
access links and backhaul. Our results revealed that it is criti-
cal to control the network load to maintain a high sum rate per
area. Moreover, a two-tier HetNet with wireless backhaul can
achieve a significant performance gain over a one-tier deploy-
ment, as long as the bandwidth division between radio access
links and wireless backhaul is optimally designed.
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