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Abstract—Hybrid automatic repeat request (HARQ) plays an a user to a lightly-loaded small cell rather than a heavily-
important role in improving the transmission efficiency and the |oaded large cell. Therefore, considering the cell assotia
robustness of wireless networks. Consideringk-tier heteroge- strategy, [9] introduces a bias factor to weight the reakive

neous networks (HetNets) and modelling the locations of thease . | th hieving better load-bal . Al
stations (BSs) as a homogeneous Poisson point process (PRPP ignal power, thus achieving better load-balancing. Algto

this paper investigates the performance of HetNets implemeing  the PPP may not be appropriate to model large cells between
HARQ. We give closed-form expressions for the quality of seice ~ which the distance is usually large, [7] shows that the PPP
(QoS) coverage probability which is defined in terms of wheter  model is almost as accurate as the grid model in a single tier
the received signal quality is above a predetermined threstid, cellular network.

and the per-user throughput with HARQ. We show that us- Lo . .
ing HARQ can indeed improve the QoS coverage probability,. ~ DU€ to the limited power and high interference, many

However, depending on the channel conditions, the per-user technologies have been applied to achieve the coverage re-
throughput of the HetNets may decrease by the implementativ quirements in the-tier networks. Based on the PPP model,

of HARQ. Furthermore, we show that the small cell density has some of the leading techniques, such as inter-cell intenfe
negligible effect on the QoS coverage probability and the pe o rgination [10] and multi-antenna transmission [11] éhav
user throughput, and the per-user throughput may increase \ith . .
the small cell path loss. been studied by numerous resegrchers. However, Ilttlaltrdse
has been conducted into analyzing the hybrid automaticatepe
|. INTRODUCTION request (HARQ) in the PPP-based HetNets. On the other hand,
The key challenge for the next generation wireless netwocknsidering single-user setups, many works, e.g., [12}-[1
is the large growth in data traffic, connected devices am@ve previously showed that HARQ can effectively reduce the
various performance requirements. One solution is to dgvelprobability of outage and increase the throughput in wezle
heterogeneous cellular networks (HetNets) by deployirfig dnetworks. For this reason, it is important to study the bésefi
ferent tiers of base stations (BSs) [1]. The idea is to usé HARQ in HetNets, in order to design efficient systems.
the tier-1 cells to provide the highest transmitting powed a The problem becomes more important when we remember
the largest coverage area along with low-power and lowhat the HARQ protocols have been already provided in many
coverage small cells to reduce outage and improve the hotspireless standards, e.g., IEEE 802.11n, IEEE 802.16e and
throughput inside tier-1 cells, e.g., the 3-tier cellulatwiorks LTE-A [15]-[17]. Hence, needing no additional desigh, HARQ
consist of macro cells, pico cells and femto cells with dadee becomes a cost- and complexity-efficient approach to fulfil
ing transmit power [1]-[3]. However, this type of networldifferent quality-of-service requirements. In additidhARQ
topology poses new challenges to the network performarisean efficient sequential feedback approach to provide 8= B
analysis. Due to the random distribution of the small cetid a with partial channel state information (CSl), while othertal
the lack of dedicated planning, the conventional hexagor@Bl feedback schemes (such as CSI quantisation) are usually
grid model and the Wyner model [4] are no longer suitabRifficult to implement in large HetNets. Therefore, HARQ not
for modelling the randomly distributed -tire of networks. In only presents potentials for performance improvements, bu
order to capture the random node distribution in HetNetk, [&lso is an effective and realistic approach in HetNets.

[6] suggests a tractable and well-known model by using theThis paper incorporates the HARQ into the PPP-based
tools from stochastic geometry. HetNet model and study some of the key network metrics.
Modelling the locations of the BSs as a Poisson poifirst, we build a system model for thé-tier HetNet based on
process (PPP), many researchers study the quality of sentltte PPP model and introduce HARQ by retransmitting the data

(QoS) coverage probability which measures the probabilitynder certain conditions. Next, considering PPP-baseNétst
that the received signal-to-interference-plus-noise (INR) with different BS density parameters, we derive closednfor
is above a predetermined threshold. Closed-form expnessi@xpressions for the long-term throughput and the QoS cov-
for the QoS coverage probability are derived for a single tierage probability, and analyze the system performanceein th
network [7] and are further extended ink6-tier HetNets [8], cases using repetition time diversity (RTD) HARQ protocols
[9]. In the HetNets environment, it is preferred to connediinally, using the closed-form expressions, we evaluage th



effect of different parameters such as the BS density, thesociated one cause interference to the considered user.
codewords rates and the small cell path loss on the systdlm handovers occur until all the (re)transmissions end. The
performance. performance is analyzed in quasi-static conditions whieee t
The results show that HARQ can effectively increase theacket timé is less than a single block fading duration, which
QoS coverage probability. Particularly, the highest perfois reasonable for stationary or slowly moving users, sirzzhe
mance gains are achieved with few numbers of HARQ-bastdnsmission time is much less than the channel coheranee ti
retransmissions, while, the relative gain in the QoS cayeraaccording to the LTE standard, as discussed in [18], [19].
probability decreases as the maximum number of permittedlf the user is associated to thieh tier and is at a random
retransmissions increases. On the other hand, dependingdmtance||z;|| from its associated BS, the received signal-to-
the channel condition, the implementation of HARQ protscolnterference ratio (SIR) for each transmission is given by
may decrease the per-user throughput of the HetNets. Timis is Ph
contrast to the results in, e.g. [12]-[14], where they coesi SIR; = —% L .
the single-transmitter setup and the throughput is shown to D i1 2oy \ay Dillsl| 7% ha,

increase via HARQ-based data transmission. We show tk}\%erehx is the independent and identically distributed fading

adding more small cells ir_1t_o the network does not afTe%‘bef“ﬁcients and follow the exponential distribution withiu
the QoS coverage probability and the per-user throughQHEan

signific_antly, but provides_much potential to reduce theaget In éections Il and IV, we use the system model to evaluate
zones in large cells and increase the overall throughput. the effect of the HARQ protocols on the QoS coverage

e
4|

)

|| DOWNLlNK SYSTEM MODEL probablllty and the throughput Of the PPP'based HetNetS,
. . . . ively.
In K-tier HetNet, the BSs from different tiers usually vary mrespectlve y
transmit power, spatial density and coverage area. We &ssum I1l. QOS COVERAGE PROBABILITY

the BSs in thei-th tier, 1 < ¢ < K, are spatially distributed
according to a 2D homogeneous P®Pwith density \;, and
transmit with constant poweP;. Without loss of generality,
we consider the downlink transmission to a user placed at
origin of the plane.

In this section, we calculate the QoS coverage probability i
K -tier HetNet using HARQ. Since each user can be associated
ttr%)eonly one tier at the same time and does not change the
associated BS during the retransmissions, we first give the

As one of the most efficient HARQ protocols, we consid ehxpres&ondof thebQOS cove:jage pro|t|>a_blllty for each tier and
the RTD HARQ, while the results can be easily extendede[oen exte_n It to be averaged over a uers. . .
' Assuming that the user is associated to a BS initttetier

the cases with, e.g., incremental redundancy HARQ. The uasr(?d uses the maximum ratio combining of the received signals
of RTD HARQ is of particular interest in large-scale HetNet: 9 9

.S . . . e combined SIR aftem-th (re)transmission isn x SIR;,
because it implies low implementation complexity. We assum - < m < M+1, and the resulting data rate decreases to
no instantaneous CSI at the BSs and perfect CSI at the u?r - '

; : L S/m afterm (re)transmissions. In this case, a usecagered
In this way, in each packet wansmission, every BS Senand the message is correctly decoded, if the combined SIR at
the data with the initial rateR. If the instantaneous SINR g y '

at the receiver supports the rate, ilg (1+ SINR) > R, the end of then-th (re)transmission supports the data rate (and

the transmission is successful and the message is correc@ﬁt before). Hence, the QoS coverage probability condétion

decoded. Otherwise, the BS retransmits the same datahumtil?nythat the user is associated to i tier is found as
M+1

message is correctly decoded or the number of transmissions

exceeds a permitted maximum numbér+ 1. The receiver pi = Z Pr (10g(1 +(m—1)SIR)) < R

jointly decodes received signals using maximum ratio com- m=1

bining and, depending on the message decoding status, sends <log(1+ mSlRi)) 2)
acknowledgement/negative acknowledgement (ACK/NACK)

feedback bits after each reception. The feedback chantsel bi _ Py (SIR- - eft — 1) 3)
are assumed to be received by the BSs error-free. T M+1)°

Considering block fading channels, the signal sent from
an arbitrary BSx; in the i-th tier is subject to a path loss

| i i i i
.”xZ” and Rayleigh fading W't.h “r?'t. mean, whee > 2 'P;the same codeword is transmitted times and maximum
is the path loss exponent. For simplicity, we assume that the. S ;
ratio combining is utilised by the receiver.

uncoordinated frequency reuse scheme with reuse factor . o ) .
. o - enoting the probability that a user is connected toi-an
is used and the thermal noise is negligible compared to the. . . .
. . tier BS by a;, [9] gives the explicit expression for the
interference power caused by BSs, therefore we consider L I .

cell association probability. As will be seen later, thel cel

network as interference limited. - o . , X
. . . _association probability is cancelled out in the final expi@s
For cell association strategies, we assume the user is asso-

ciated to the BS proyiding the maximum long-term averagedlA packet is defined as the transmission of a codeword alonly alitits
power. The system is fully loaded and all BSs except thessible retransmissions.

Here, (2) is based on the fact that with the instantaneous SIR
of SIR;, the maximum decodable rate §5log(1 + mSIR;),



of the overall QoS coverage probability, therefore we do
study a; in detail and denote the QoS coverage probab
averaged oveK tiers as

K
Pe = Z aipi- (4)
=1
The cumulative distribution function of the SINR, i.e. S
in our interference limited case, conditioned on the
associated to théth tier is derived as [9, Eq. 15]
2N [ - e /o
Pr(SIR; < z) =1- — / re~ SR 250 O g
a; 0
(5)
where SNR= P;g:i , Ny is the additive noise power and
P r B, 2/ 2a(B;/B;)?/ 1
O = N, d {_J il Di
J J R Bz + Q5 — 2 x
2 2 B;
o F [171——;2——;—&“, (6)
aj aj Bj
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Figure 1. QoS Coverage probability under HARQ fdf = 0,1,2 in a
3-tier HetNet. For tier-1 BSs, the path loss exponent, the BSsitly and
the transmit power are set to; = 3.8, A\1 = ~5007 and P; = 53 dBm,

with B; deanting the bias giveh to the average received POW@Epectively. For tier-2 BSs, these parameterScare= 3.5, A2 = 21 and
from i-th tier BSs, and F;[-] being the Gauss hypergeometric> = 33 dBm, respectively. For tier-3 BSs, these parametersoare= 4,

function.

In this paper, we concentrate on the effects of the HAR
Thus we simplify by setting all bias factor$; equal tol and
considering the interference-limited scenario, we reaff,
Eq. 15] as

2\ [0 ey
Pr(SIR, <z)=1— 2~ / re T T Ci@r g
ai Jo
(7)
where
2
P; o5 2x 2 9
(!

Combining (4), (7) and (8), the overall QoS coverage prc
bility of a user in aK-tier heterogenous network with HAR
as a function ofM, R is given by

Az = 20A; and P3s = 23 dBm, respectively. The simulations use an additive
oise with power -60 dBm, the comparison with the analytieslults in the
terference-limited case indicates the negligible éffeficthe additive noise

in dense networks.
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Figure 2. QoS Coverage probability versus the maximum nurobeetrans-
missionsM in a 2-tier HetNet. The initial transmission rate of all BSset to
R = 0.8149 nat/s/Hz. For tier-1 BSs, the path loss exponent, the BSitgens
and the transmit power are setd@ = 3.8, A\ = —t-> and P = 53 dBm,
respectively. For tie2 BSs, these parameters are consideredvas= 3.5,

Figure 1 shows the effects of the HARQ on the QO0S, =0,5)1,10A1,20); and P, = 33 dBm, respectively.

coverage probability. (Note thal/ = 0 gives the QoS

coverage probability without HARQ in [9]). As expected, the

larger the maximum number of retransmissions, the better

tis straightforward to show that. — 1 if M — oco,VR < oc.

QoS coverage probability. Moreover, we observe that the mas Figure 2, we calculate the QoS coverage probability for

gains of the HARQ are achieved with low values . I.e.

different values of the maximum number of retransmissions

the relative gain in the QoS coverage probability decreasasd the second tier BS density. The QoS coverage improves
with M, the largest gain occurs when from no HARQ tavith A for all Ay, and the increment is small for largd .
using HARQ with M = 1. In the meantime, using (9), it Also, we observe that, in this setup, the QoS coverage is
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Figure 3. Per-user throughput under HARQ for MAL, 2 in a 2- tier HetNet.
The path loss exponent, the BS density and the transmit pofviéer 1 are
settoa; = 3.8, \1 = == and P, = 53 dBm, respectively. For tier 2,
these parameters are consideredeas= 3.5, A2 = 10A\; and P> = 33
dBm, respectively.

o M=0 (b)
= M=1
041 -+ M=2 P

deteriorated when we first introduce the small cells. Howeve
further increasing the density of the second tier BSs hts lit
effect on the QoS coverage probability. The results impét th
we can increase the number of small cells to reduce the outa
zones inside tier-1 cells without decreasing the overal§Qo
coverage probability significantly.

0.35

Per-user Throughput (nat/s/Hz)

IV. PER-USERTHROUGHPUT

In this section, we study the per-user throughput &f dier
HetNet in the presence of HARQ. Assuming only one active 0% 32 34 36 38 4 42 44 46 48 5
user per cell, the per-user throughput measures the stigces: Path Loss Exponent of Second Tier B,
data rate over a long period with many packet transmissions. ,

Denoting the iniialcata rate 28 — n/, wheren andX are. H45 & (&) Perteer trousps versus e mxmun pusbasrars
the information bits and code bits, respectively, the [8FU set to R = 0.8149 nat/s/Hz. For tier-1 BSs, the path loss exponent, the

throughput can be expressed as BS density and the transmit power are seindp = 3.8, \1 = —W5(1JOQ and
P = 53 dBm, respectively. For tier-2 BSs, these parameters arsicened
. E{successfully decoded bjts asas = 3.5, Ao = 0,5XA1,10A; and P, = 33 dBm, respectively. (b) Per-

(10) user throughput versus the path loss exponent of secon@derin a 2-tier

E{number of channel USPS HetNet. All considered parameters are the same as befocepethat we

~ npe(M+1,R) (11) consider varyingus and a fixed\a = 10X .
>t MmN Pr(Ay,)
_ _Rp(M+1,R) . (12) for1<m <M, and
oy mPr(Ay) M
Here, the first equality comes from the renewal-reward the-  Pr(Aar1) =1— > P(An) =1-p(M,R), (15)
orem [12]-[14] andPr(A,,) denotes the probability that the m=1
(re)transmissions end at the-th round (and not before). Thefor m = M + 1.
probability Pr(A4,,,) is given by Hence, the per-user throughput infé-tier HetNet under
x HARQ with the maximum number of retransmissiohs is
Pr(Ap) = aiPr (log(1+ (m — DSIR) < R given by
i=1 n=Rp.(M +1,R) x
<log(1 +mSIRi)) (13) M
:pc(maR)fpc(mf]-aR)v (14) { Zm[ C(m7R)_pC(m_1,R)]+

m=1



(16) HetNets considering the power consumption of the different
tiers, as well as implementation of adaptive modulation and

which, using (9), can be evaluated numerically or analiitica coding in conjunction with HARQ.

In Figure 3, we calculate the per-user throughput based on

(16). As it is seen, although the QoS coverage probability VI. ACKNOWLEDGEMENTS

improves by using HARQ (Figs. 1-2), for the considered This work was supported in part by the Swedish Govern-

parameter settings of the figure, the per-user throughput deental Agency for Innovation Systems (VINNOVA) within

creases withAM/. The explanation is that, while the QoSthe VINN Excellence Center Chase, and the Swedish Research

coverage is improved by retransmitting the same data, tGeuncil VR under the project 621-2009-4555 Dynamic Mul-

(M +1)[1 — p. (M, R)] }71,

expected number of channel uses also increases, leadindipoint Wireless Transmission.

a loss in the throughput. However, the throughput loss is
negligible particularly at low and high transmission rates
Moreover, the figure indicates that there exists an optimat
initial transmission rate maximizing the per-user thropgh
and the optimal initial transmission rate maximizing the
throughput is (almost) insensitive to the maximum number o]
retransmissions. For low initial transmission rate, alifjio the
QoS coverage probability is high, the per-user throughgut i3]
bad and vice versa. Thus, there is a trade-off between tti@l ini ]
transmission rate and the QoS coverage probability, ingerim
the per-user throughput. Finding the analytical expres&o
the optimal initial transmission rate maximizing the pseu
throughput is left for future work.

Figure 4(a) shows the effects of the maximum number of
retransmissions and the second tier BS density on the per-us®!
throughput. Again, the per-user throughput decreases Mith |7,
for all .. However, the change of the per-user throughput
is small due to further increasing the second tier BS densit
Therefore, adding more small cell BSs does not affect th
per-user throughput significantly, but allow more userseo b
served, thus increasing the overall throughput. (el

The per-user throughput under different path loss expanent
of second tier BSs, i.eqa, is illustrated in Fig. 4(b). For all
values ofas, there is always a loss in the throughput by in!
creasing the maximum number of retransmissions. Also, note
that the per-user throughput does not increase monotbnicéli]
with o for all M. This is because the larger thg, the less
the interference from the second tier BSs. Whenis large, [1]
the per-user throughput only depends on the parameterg of th
first tier BSs.

(5]

8]

[13]

V. CONCLUSIONS

Implementing hybrid automatic repeat request (HARQW]

this paper studies the QoS coverage probability and the per-
user throughput of the heterogeneous networks (HetNei&)
modelled by a homogeneous Poisson Point process (PPP). We
derived closed-form expressions for the network QoS caeergig)
probability and the throughput. Also, we showed that the QoS
coverage is improved substantially as the maximum numbertdf!
retransmissions increases. However, depending on theehag;
condition, the implementation of HARQ may lead to slight
throughput reduction. Furthermore, we demonstrated tieat
QoS coverage probability and the per-user throughput are
almost invariant to the density of small cells. In addition,
the per-user throughput increases with the small cell path
loss exponent. Future works include the energy efficiency in
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