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ABSTRACT features of a HetNet, namely interference from uplink (UL)

and downlink (DL) transmissions, spatial multiplexingn#i

In this paper, we develop a.general framework to analyze thl?ed backhaul capacity, and random channels and topology.
rate performance of a two-tier MIMO heterogeneous network .
In this paper, we study the sum rate per area of a MIMO

(HetNet) with wireless backhaul under spatial multiplexin . . . . .
We consider linear precoding and receive filtering in thespre HetNet with wireless b_ackhaul under spatial mu_ltlplexmg.
We develop an analytical framework that combines tools

ence of interference from uplink and downlink transmission from random matrix theorv and stochastic geometry. Our
We find that the sum rate per area of the HetNet is sensitive Y 9 Y- DU

to the network load, i.e., the number of users served by eac"iﬁn"’llySIS is general and accounts for linear precoding and

base station. We show that a two-tier HetNet with wireles$€'Ve filtering, UL/DL transm|55|o_ns, |nt§rference, doa
. . and deployment strategy. We quantify the impact of several

backhaul can achieve higher sum rate per area than a one-tier - .
. - .. . network parameters on the rate, thus providing useful desig
cellular network. However, this requires the bandwidth-div insiahts. Our main contribution are summarized as follows
sion between radio access links and wireless backhaul to B&>'9": )

optimally designed according to the load conditions. e We provide a general toolset to analyze the rate of a
Index Terms— Heterogeneous cellular networks, MIMO, two-tier MIMO HetNet with wireless backhaul. Our
wireless backhaul, spatial multiplexing, linear precagdin 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.

In order to meet the exponentially growing mobile data de- ¢ \we find that, under spatial multiplexing, the rate is sen-
mand, heterogeneous networks (HetNets) are being deployed  gjtjve to the load conditions of the network, thus estab-

1. INTRODUCTION

for the next gengration_of W?reless communication systems lishing the importance of scheduling the right number

[1,2]. Hetl_\lets will provide hlgher coverage and throughput of UEs per base station when linear schemes are em-

by overlaying macro cells with a large .number of small cellg ployed for precoding and receive filtering.

and access points, thus offloading traffic and reducing the di

tance between transmitter and receiver [3-5]. e We show that in certain scenarios, a two-tier HetNet
When small cells are densely deployed, it becomes nec-  with wireless backhaul can exhibit a significant perfor-

essary to aggregate a massive cellular traffic from smdll cel mance gain over a one-tier cellular network. However,

access points (SAPs) towards macro base stations (MBSs), this requires the backhaul bandwidth to be optimally al-

and a wireless backhaul is regarded as the only practical so-  located according to the load conditions of the network.

lution for outdoor scenarios where wired links are not avail

able [6,7]. A dense deployment of small cells that use a wire- 2. SYSTEM MODEL

less backhaul will shift the design challenge from the radio
access links to the backhaul, which can thus be identified ag/e study a two-tier HetNet which consists of MBSs, SAPs,
the new bottleneck of the network [8]. and user equipments (UESs), as depicted in Fig. 1. The spatial
Therefore, itis critically important to investigate how-em |ocations of MBSs, SAPs, and UEs follow independent PPPs
ploying a wireless backhaul to connect SAPs and MBSs af§,, ,, and®,,, with spatial densitied,,, A, and\,, respec-
fects the overall network performance. Despite a growing intively. All MBSs, SAPs, and UEs transmit with powey,,;,
terest from the research community [9-11], the currentlite P, andP,;, and are equipped with/,,, M/, and 1 antennas,
ature still lacks a general study that encompasses all he keespectively. Each UE associates with the base station that
This work was supported in part by the SUTD-ZJU ResearcheBotia- prOVid.eS the .IargeSt average received power, and each SAP
tion under Grant SUTD-ZJU/RES/01/2014 and the MOE ARF Tienger ~ @SSociates with the closest MBS. The links between MBSs-
Grant MOE2014-T2-2-002. UEs, SAPs-UEs, and MBSs-SAPs are referred tonasro
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3. RATE ANALYSIS

———» Wireless backhaul downlink
———» Wireless backhaul uplink
—> Macro/small cell downlink
——> Macro/small cell uplink

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-othe
wise stated, the analytical expressions provided in tlisae
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

Fig. 1. lllustration of a two-tier heterogeneous network with REL:(l—Cb)///logQ 1+
wireless backhaul. 000

Pt (1= B) (Gumr) 2
ﬂmr(l‘f'%) (U2+I+Z)
fr(z,t) f1,(2) fr,(t) dedzdt (1)

cells, small cells, andbackhaul, respectively. We approximate

the number of UEs and SAPs associated to a MBS, as well as il Pt M (1 — B )t

the number of UEs associated to a SAP by constant values RV = (1 — ¢,) //1og2 [1 e }
K, Ky, andKj, respectively. In light of its higher spectral 00 ot

efficiency [12], we consider spatial multiplexing where leac fr(2) fr, (t) dz dt )

MBS and each SAP simultaneously seiivg, and K UEs,

respectively, and each MBS simultaneously sedigsSAPs  with f7 (), f1, (), f1,(2), fr. (t), and Gy, givenby (4), (5),

on the backhaul. We assuntg,, < M,,, K, < M,, and (12),(9), and (10).

KypMs < My, due to spatial multiplexing |ImltatIOI’_IS [13]. proof. Consider a typical UE located at the origin with its

The load on macro cells, small cells, and backhaul is denotegerving MBS ate. Under dynamic TDD, the deterministic
_ Kn _ Ks _ KyM, H . ’

bY fm = Ps = g2, andfy, = 37, respectively. equivalent of the downlink SINR can be written as [21]

My, VA
In this work, we consider a co-channel deployment of .

— ,—YBL = Py (1 : Br) (GmT) 2 7
Bl (1+%5) (I + Ly + 02)

small cells with the macro cell tier, i.e., macro cells ancim DL
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 furtherWith /1 and I, the aggregate interference from MBSs and
consider an out-of-band wireless backhaul [6], i.e., the toSAPs and the interference from UEs, respectively. The proba

tal available bandwidth is divided into two portions, whare Pility density function (pdf) of/, can be approximated as [22]

fraction(y, is used for the wireless backhaul, and the remain- X P% s 4P§5\2
ing (1 — () is shared by the radio access links (macro cells fr,(z) = 2t (f) * exp <_m> (4)
and small cells). In order to adapt the radio resources to the 4 x 162

variation of the DL/UL traffic demand, we assume that MBSs herex — (1 K 1 \ k.. Conditioned
and SAPs operate in a dynamic time division duplex (TDD)W ere _U —ﬂ(] *me)flm mb+ (1- Ts). s ts-d on2|3|one
mode [14], where at every time slot, all MBSs and SAPs ino" llell = ¢, the pdf ofl; can be approximated as [23]

dependently transmit in downlink with probabilities,, 7, (los—npy n(®)°

a.s. (3)

and7, on the macro cell, small cell, and backhaul, respec- fr(z,t)=e 207 v ® -[\/ﬁwz N(t)]A z>0 (5)

tively, and they operate in uplink for the remaining time. We

model the channels between any pair of antennas in the n%here/uhN(t) = log ur, (t) — 0.51log (1 + ‘T% (t)/ 3 (t))

work as independent, narrowband, and affected by two attenyq o n(t) = log (1 N U% (t)/u% (t)), with yur (t)l ]

uation components, namely small-scale Rayleigh fading and, ¢ Ayiven b t) =P, lG 9 ti(a,Q)/ _92and

large-scale path loss, whedeis the path loss exponent, and 751 Yo, et 270 @

by thermal noise with varianeg®. We assume that all MBSs szt_z(a_l) A T (P 2
Ot e TR, (Pmt) '

(6)

and SAPs use a zero forcing (ZF) scheme for both transmisg?1 )=

sion and reception, due to its practical simplicity [15,.16] a—1
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Under the association rule defined in Section 2, the probabilvhere G, = 7\ + Tm/\m( mt/Pst)% and pp,, N(t) =
ity that a UE associates with a MBS or SAP can be respedog i, (t) — 0.5log (1+ o7, (t)/13 (1)) and o, N(t) =
an

tively calculated as [3] log (1 +‘713( )/:U’Ig( )), with 7, (t) and o ( ) given by
p1,(t) = Py G2mt= (=2 /(o — 2) and

Ay = Tdn P/ (mdm P + TAPT ), () 2
Ay =T APE ) (TmA Pi 4T Pbt) ®  oL(t)= %ﬂgw [G TI?S Tf;%m (izt) | an
As such, the pdf ofic|| = r,, can be obtained as [3] Proof. See [17] for a detailed proof. ]
fro (1) = %Tzﬂ exp (—Gmﬂ'r2) ,r>0 9) More compact upper and lower bounds on (13) can be
m ) found in [17]. We now derive downlink and uplink rates on
e T I (1;]:) . (10) the wireless backhaul of a HetNet as follows.

Lemma 3. The DL and UL rates on the wireless backhaul are
The DL rate then follows by using the continuous mapping

theorem. The deterministic equivalent for the UL SINR is DL: o M ///10 Prb(1=Bp) (ThAm)
Pul M1 = Bl CEEEE
_uUL wt | M (1 — Bm)|]e|| =
= .S. 11
T T o7+ 1, coes (1) Fin@,t) F1.() fr (D dedydt (18)
wherel, = I + I,. We approximate the pdf di as [22]
3 Ms s M (1 7Bb)
=38 T Bt
— 22 ([ _ 2 2 @
(@) 4 (x) eXp( 16z (12) K 0 0 (0% + )t
f14( )f’f’b( )dl‘ dt (19)

whered,, = AP + Ak P /K + A Pa /K< with
Ak = TmAmD (14 %) Km_l (i + )/F(Km) and\g, =  wheref,, (t) = 27, Amt exp (=7 Amt?), f1,, (2, 1), fL (y),
AT (14 2) I (i + )/F(KS) The UL rate follows and fi,(z) are given as follows

from (11), (12), and the continuous mapping theorem. 0 ®)?
ogz—pr N(t

[ A L iV -1
Next, using the effective channel distribution, we derive  f;_(z,t)=e 20T () {\/271’.%0’1‘“,1\/(7,‘)} (20)
the uplink and downlink rates for the small cell as follows.

Lemma 2. The DL and UL rateson a small cell are given by o, Pb o\ 3 wP: )\%45
00 00 00 0O f]s(l') = T <_) €Xp - T (21)
RDL—(l—C)////IO 1+M ! !
S - b g2 0_2 T4+ y
0000 A - % 71_4)\2
Fra@.t) Fr,(0) £, (6) o) dedy it (13) ) =2 (5 en (-2) @2
T 16x
00 00 00 Pooto with pr, ~(t) = logur, (t) — 0.5log (1 +a§m (t)/u%m(t))
RVF = (1— Cb)///log2 (1 + 5; - > and o7, n(t) = log (1+ 07 (t)/p3, (1)), with p, (t) and
50 0 o o} (t)givenasyr, (t) = PupToAm2mt ™72 /(o — 2) and
v . (t) f1,(z) dv dx dt 14
fo(v) fr(t) fr,(2) dv dz (14) ) 0= (1+ 1 Tb)\mﬂ'Pmbt 2(a—1) (23)
where f,(v) follows a gamma distribution given by f,(v) = Tin\) = MKy, a—2
rPsLem /T(Ay), with Ay = M, — K + 1, and f1, (z,t)
and f,._(t) are given by Ay, = (1-m)A F(1+2/04)H i+ )/F( M), and
(1o sy ) A, = A, ( bb/]V[) + Az ( mb/JW Kb) vand Ay, =
I N S Al (14 2) TIM 1 (04 2) /T (MLK).
fiy(@,t) = Vrzonn) | >0 (15) " Proof. See [17] for a detailed proof. O
fo(r) = 2T AT exp (_Gswz) ,r>0  (16) By combining the previous rgsultg., we can now write the
) As 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- 2000

work with wireless backhaul is given by
—»— Light load
—_ L —#— Medium load
R=RB (KmAH.-"-Ks)\s) {Am [TH,REIL-F (1 —Tm)R}rle} € 2600 —— Heavy load

8

+ Ag| 7 min{ RPL RPY & 4 (1 —7,) min{ RUL RUL (24) S, 20001

[rmin{ R RYV -+ (L) min{ B2 R -

where B is the total available bandwidth, and RP:, RUL, ; 15007

RPL, RUL RPL and RYL are given in (1), (2), (13), (14), Y

(18), and (19), respectively. @ 1000¢
=

Proof. See [17] for a detailed proof. | @ so0f

4. NUMERICAL RESULTS % i ‘ ‘ ‘ 1

0.2 0.4 0.6 0.8
Fraction of bandwidth for backhauj,

In this section, we provide numerical results to show theaff

of several network parameters on the sum rate per area, and to

give insights into the optimal design of a HetNet with wisde Fig. 2. Sum rate per area versus fraction of bandwigh
backhaul. Unless diﬁerent'y Speciﬁed’ the parametersme allocated to the baCkhaul, under different load conditions
asPy; = Pyp = 47.8dBm, Py, = Py = 23.7dBm, Py =
17dBm, ¢? = —96dBm, 7, = 7 = ™, = 0.6, M., = 100,

M, =4, B =20MHz, \,, = 10-°m~2, anda. = 4. We refer 2000 :
to light load, medium load, andheavy load conditions as the ssc0]. | —2— Opimal
ones of a network Witth = 5 = S, = 0.25, b = fs = e
By = 0.5, and0.9 < B, Bs, B < 1, respectively.

In Figure 2, we compare the sum rate per area of a HetNe
under various load conditions and for different portionghef
bandwidth allocated to the wireless backhaul. Figure 2 show
that the performance is highly sensitive to the bandwidth al
location, and that there is an optimal value/gfwhich max-
imizes the sum rate per area. The optimal valug;pfn-
creases as the load on the network increases, since SAPs ni >
to forward more backhaul traffic to the MBSs to meet the rate ~ *°L»"
demand. Figure 2 shows also shows that under spatial muli 400 ‘ ‘ ‘
plexing, the network load has a significant impact on the sur ° ® Number of SAPS per MBSK,
rate per area. This indicates the importance of schedutiag t '
right number of UEs per base station.

In Figure 3, we plot the sum rate per area of the networlgig 3 sum rate per area versus number of SAPs per MBS
versus the number of SAPs per MBS. We consider three scgjger various bandwidth allocation schemes.
narios: (i) optimal bandwidth allocation, where the fraati
of bandwidth(,, 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(@s= 0.5;
and (iii) one-tier cellular network, where no SAPs or wissle
backhaul are used at all, i.€;, = 0. Figure 3 shows thatin In this work, we undertook an analytical study for the de-
a two-tier heterogeneous network there is an optimal numbesign of HetNets with wireless backhaul. We used a general
of SAPs associated to each MBS via the wireless backhamhodel that accounts for uplink and downlink transmissions,
that maximizes the sum rate per area. Such number is givespatial multiplexing, and resource allocation betweenorad
by a tradeoff between the data rate that the SAPs can providecess links and backhaul. Our results revealed that iitis cr
to the UEs, the interference generated, and the demand @al to control the network load to maintain a high sum rate per
the backhaul. This figure also indicates that a two-tier Hetarea. Moreover, a two-tier HetNet with wireless backhaual ca
Net with wireless backhaul can achieve a significant rate gaiachieve a significant performance gain over a one-tier geplo
over a one-tier deployment. However, this requires the backment, as long as the bandwidth division between radio access
haul bandwidth to be optimally allocated. links and wireless backhaul is optimally designed.
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