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ABSTRACT the conventional Max-DL-SINR association. To addressithis

) ] ] _ sue, one simple approach named “cell range expansion” (CRE)
To meet the ever-growing mobile data traffic, network spatia,ygg proposed in 3GPP, where a positive bias is added to the
densification with various low-power nodes in addition te th p| g|NR from the low-power nodes. CRE thus allows the low-
conventional high-power macro base stations (BS), a.ke# h hower nodes to serve more users even when the serving SINR
erogeneous network (HetNet), is regarded as one key egablifs not the highest [4, 5]. But CRE fails to take into accourt th
solution. Due to the unplanned nature, HetNets are vergure i affic load condition at each BS. In this paper, we will sty

lar and severe interference can happen withoutjudiciosigde  4,timal association rule in HetNets when the traffic loadinf
of the user association rules. Conventional maximum downmation can be exploited.

link (DL) signal-to-interference-plus-noise ratio (SIN&SSOCI- A |0t of works have been done regarding the user associa-
ation rule, on the other hand, can not fully release the @raffi i,y iy HetNets under different scenarios. In [6], a jointiop
offloading capabilities of HetNets. Most prior work assumedy,;zation of user association, transmission power, and reian
best-effort (BE) traffic and sought the optimal association  geection was considered to minimize the sum of the inverse o

maximize metrics suc.h as the sum of log-rate. In this Papefeq per-user throughput. In [7], the authors looked for the-o
we model the DL quality-of-service (QoS) flow to each mobiley, 5| 4550ciation rule to maximize the number of admittedsuser
station (MS) explicitly. Aiming to minimize the network-@é \hjje minimizing the total usage of the radio resources irea H
packetdelay, we investigate the optimal user associatio®ee et yith relay nodes. In [8,9], joint resource allocationlarser
and the corresponding resource allocation algorithm. @0 P ,<sqciation was studied to maximize the proportional faF)(
posed traffic-aware user association strategy enjoys low-co metric, i.e. the sum of log-rate. Optimal time resource par-

p_lexny and fast convergence, which is also corroborateti wi titioning and user association maximizing a weighted prepo
simulations. tional fair metric was considered in [10] within the framewo
Index Terms— Traffic, association, heterogeneous networkof 3GPP.
Unlike the aforementioned work, in this paper, we model
the DL traffic to each MS explicitly and investigate the assoc
1. INTRODUCTION tion scheme to optimize the network-wide packet delay perfo

A Heterogenous network (HetNet) consists of a mixture ofh@nce. This metric is more relevant_fora HetNet with quality_
base statioris(BS) of different power classes, e.g. macro-Bs0f-service (QoS) flows than the typically assumed PF metric

at 40dBm, pico-BS aB0dBm, and femto-BS a20dBm. It has [1_1]_. Furthermore, we propose one Iow_-complexity user asso
great potential to meet the fast-growing mobile data trétfi2]. ciation algorithm that observes the traffic load and enjags f
Unlike the conventional macro-based cellular networksy lo COnvergence. _ _ _

power nodes are overlaid within the macro networks in Het- ~The rest of the paper is organized as follows: Section 2 de-

Nets to incur network spatial densification with lower capit SCcribes the system model and the association problempBexti
expenditure cost [3, 4]. addresses the optimal resource allocation and the Trafiiré\

In the conventional cellular networks, mobile stations Ms Association Algorithm (TAAA) is proposed in Section 4; nu-
are associated to the BSs offering the highest downlink (DLFnerlcaI simulations are provided in Section 5; and Section 6
signal-to-interference-plus-noise ratio (SINR) (a.Wvtax-DL-  concludes the paper.

SINR Association). In a HetNet, due to the huge disparitya t
transmission power, the amount of MSs that become assdciate 2. SYSTEM MODEL AND PROBLEM STATEMENT

with the |0W-p0W€r nodes is not enough to balance the lodd WltWe are Considering a HetNet 8f BSs. These BSs are of differ-
- _ _ ent power class, i.e. some are macro-cells, some are pllsp-ce
Umvg‘;?t)‘/’."ork was supported through the start-up funding frorargiaiTech 5,4 some are femto-cells. There are tot&IWMSs in coverage
1n this paper, terms: “base station”, “cel, and “node” arsed inter- and served by this HetNet. In this paper, we consider the case
changeably. when each MSk € [1, K] has its own traffic arriving at the
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2 ; Under the above assumptions, when ¥M$ associated with
4] BS-n and occupying all the resources, the average achievable

A — rate at the MS is given b
=N om o

Pn|h/k,n|2

-~ _{ PiT:O Rkn = Blog 1 + ) (1)
/?\‘ ; \ | Zi\ilalinﬂ|hk’l|2 +02
13 N e A whereo? denotes the thermal noise power at the MS. Taking
—l A

g Femto e into account the resource allocation fractign,, the service
= 7 time for the traffic to MSk is then exponentially distributed
&« /i o sz with meanty,, = Li/(yxnREkn) = 1/(YknTkn) SECONS,
w Ms-1 wherery, , denotes the normalized achievable rate with respect
L =% to the average packet length. Clearly, the queue for thiicttaf
Vs é‘ MS-k is an M/M/1 queue [12]. Accordingly, the average delay
i for a packet in the queue to MBSean be computed as
1 1

Thon = = . 2
" Vtkn =M YenThin — Ak @)

The problem we are interested is to find the optimal cell dssoc
ation such that the average packet delay across the whole Het
network, which needs to be delivered to the MS in the DL. FigNet is minimized. Mathematically, we want to find the optimal

Fig. 1. HetNet with traffic.

1 provides an illustration of one such network. association schemgr; , } and the corresponding resource al-
Before proceeding to the problem description, we define thiocation scheméy;. , } in the following optimization problem:
following quantities first: e 1 N K Tk
T;ULITkIfle Zle Ak Zn:l Zk:l yk,nrk,n*zk,n)\k (3)
e B: system bandwidth in Hz; subject to ij:l on = L0k =1, K @)
e P,.,n=1,.., N:transmission power of B&: Zszl Yk <1.0,¥n=1,..,N (5)

e \i, Ly, k = 1,...,K: packet arriving rate and average Zrn €10,1}, Vb =1,.., K;n=1,..,N (6)
packet length in bits for M3 Ykon > Thn Ak NVk=1,.,.K,n=1,...N. (7)

Tk,n
© hjn,k =1,....,K,n = 1,..., N: channel gain between In the above problem, the equality constraint in (4) and thre c
MS-% and BS-n: straint in (6) dictates that each MS will be associated tmglsi

serving BS. Constraint in (5) represents the limit to thaltot

o ;0. k=1,..,K,n=1,.., N:indicator for the associ- amount of available resources. This problem turns out ttee t
ation of MS% to BS+, i.e. z;,, = 1(0) means MSkis  classic knapsack problem and is NP-hard [13]. In our foltayvi
associated with B&- (otherwise); developments, we will try to find low-complexity approxiredt

solutions to this NP-hard problem.
o ypn,k=1,..,K,n=1,.., N:resource allocation frac-

LINEAR APPROXIMATION

In order to find the optimal solution to the problem in (3), we

e AS1: theinter-arrival times between the packets for MS- first obtain the optimal resource allocatipy.} assuming a

are independent and exponentially distributed with mear_tl'xed association schen{ey.. }. We can establish the follow-

1/, seconds; N9 reSl.“.t: : .
/A Proposition 1:At BS#, given user associatiofiy, , }, when the

e AS2: the lengths of the packets for MSare independent following feasibility condition is satisfied:
and exponentially distributed with medn, bits. Kooy
PP ) (8)

e AS3: each BS is always on even when there are no pack- =1 Tkn

ets in its queue. This is the case when each BS has some . : L
. } e optimal resource allocation minimizing the averageksic
best-effort traffic to serve;

delay is as follows:

Meanwhile, we make the following assumptions:

e AS4: full frequency reuse is adopted across the whole Y 1— TunAu Y
network, which is typical in LTE networks, e.g. the co- Ykon = btk = — T“’A" bnZk 9)
channel eICIC [2,4]. Tk Y Tk
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Here is the proof outline for the above proposition:

Proof. The Lagrangian for minimizing the average packet delay

at BSqn is
K

D

k=1 YenTkn — Tkn

K

> Yk — 1.0

k=1

Th,n Ak

L({yx,n}, @) =

e )

where« is the Lagrange multiplier for the total resource con-
straint in (5). From the duality theory [13], we know the op-
timal resource allocation should minimize the Lagrangiad a

we have:
oL . —.I'k,n/\ka,n
Yk UknThin — ThonAk)?

Thus we known > 0 and we can get

+a=0.

L b 1
Ja

Since the total resource constraint is active, k&, i, = 1,

the result in Proposition 1 can be obtained naturally. O

T, n)\k

(10)
Tkmn

The optimal resource allocation contains the non-linea

term: /i n i /7k.n. Noticing that]y/z — z| < 1/4 whenz €
[0,1], we can approximatg/xi,nAx/Tkn aS{TknAk/Tkn}-

Then the resource allocation fraction becomes
1

Th,n Ak
1u,n)\u '

Ykn = 74 (11)

w=1 Tk,n

D=1 T

Substituting the resource allocation in (11) to (3), thebtem
in (3) becomes

minimize ZkK:lZNzl ho.n Ak L (12)
Tk,n " T 1-370, W
subject to ij:l T =1LYk=1.,K (13)
xpn € {0,1},VE=1,...K,n=1,..,N (14)
K wk,n)\k o
Zk:lv < I,Vn—l,...,N (15)

where we have neglected the constant term in the objectie fu
tion and the feasibility constraint in (15) dictates thatle8S
should be able to handle the traffic of all the MSs associate
with it.

4. TRAFFIC-AWARE ASSOCIATION

The optimization problem in (12) is still NP-hard to solve.
Hence, we first try to relax the constraint in (14), i.e. wewll
one MS to be associated with multiple BSs so that, can
take fractional values. As a result, the problem in (12) bee®
convex as follows:

minimize  f({zun}) = 232, fl{zun}) (1)
subject to ij:l Tpn =1Vk=1,.., K a7)
Tn €0,1,VE=1,..,K,n=1,...,N (18)

Yoy B2k <1 ¥n=1,., N (19)
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where the functiorfy, ({x. . }) is defined as:

N 2 1
k,nN\k
fe{zun}) = Z ’ K X
PR B 3 G
N
1
- Z 1 Ak - N,
n=1 _Ik7n7‘k,n5k,n
andéy, =1 -5 stk ””1;“" = denotes the available load

in BS-n for MS-k. Now we can establish the following main

result regarding the optimal association for one MS:

Proposition 2For MS+, given other users’ association pat-

tern: {z,.n}, Yu # k, the optimal association pattern of MS-

minimizing the objective function in (16) is as follows:
Tk,nék,n

RN L1
Ak e |

wherex is chosen such that ., = 1.
Brief proof for the above proposition is as follows:

Th,p = Max {0, (20)

Proof. The Lagrangian for the convex optimization problem in
F16) is

L{zun}, {Vuls {ttu,n})

=3 fel{zun}) + D v (1 - Zwm>
k k n

+> Y (~HrnThn).
k n

According to the duality theory, the gradient of Lagrangian
should vanish at the optimal primal and dual points, we have:

Ak
oL Thn0p
= ek, 5 — Vg — pgn = 0. (21)
axk.,n 1 Thon Ak
T Tknlkin

Then, we can find the optimal association scheme as

T rk,nék,n 1 Tkn
kyn = - -
Ak N

Bue to the complementary slackness, jiwg.,xj » = 0, we can
Obtain the desired result in (20). O

Now it is clear from Proposition 2 that the right cell as-
sociation should observe the traffi¢:\;}, the channel qual-
ity: {7k}, and the load in each B9y, }. Accordingly, we
propose one iterative “Traffic-Aware Association Algorith
(TAAA) as follows:

1. Feasible Start: Find one feasible associatidny, ,,} by
solving the following linear programming (LP) problem:

minimize s (22)
mkyn,s

subject to SN akg =1,k (23)

T € [0,1],Vk,n (24)

Zf:l xkvn Tik (25)
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Fig. 2. Maximum DL SINR association (Red Triangle: Macro- Fig. 3. Traffic-aware association (Blue links indicate the asso-
BS; Green Circle: Pico-BS; Black Dot: MS). ciation changes w.r.t. the Max-DL-SINR rule).

If the minimum value ofs is strictly less thari), we have 3
one feasible association to proceed. Otherwise, we can

conclude that the network can not support the given traf- 25
fic;

[ Imax DL SINR assoc
40 I traffic-aware assoc

2. lterations: During each iteration, we will update the as-
sociation patten of each MS one by one according the rule
specified in Proposition 2;

# Associated MSs

Avg Pkt Delay (second)

Uitlhlynaalil

0 5 10 15
BS index

3. Finalizing: In a practical network, each MS is not al-
lowed to be associated with multiple BSs. We use the fol-
lowing rule to generate one permitted association pattern
from the fractional association pattefny, ,,} resulting o
from the “Iterations” step: °

Lt
1
1
[
1
1
15r
1
1
1
1
1
0.5 i
1
2

000000090000 0000000
5 10 15 20
Iteration Idx

N _
T = Hawn > @1, VU # 0}, (26) Fig. 4. Average packet delay and load of each BS.
wherel{-} denotes the indicator function, which is equal

to 1 when the specified condition is met addtherwise. delay performance of the network significantly, i.e. fraris

(corresponding to the Max-DL-SINR rule) t07s, and con-
5. SIMULATIONS verges quickly within several iterations. Meanwhile, wsaal
We simulate the performance of our proposed TAAA using ondepict the traffic-aware offloading statistics in Fig. 4.

HetNet with the following parameters: 1) the network con-

sists of1 macro-BS 40dBm transmission power (TxPwr)30 6. CONCLUSIONS

pico-BSs 0dBm TxPwr), and200 MSs, which are uniformly In this paper, we have studied the problem of optimal user as-
dropped in a square specified py288, 288]m x [—288,288|m  sociation in a HetNet with QoS flows. In this case, we are
(see Fig. 2); 2) the distance-dependent path-loss is nemtlell caring about the average packet delay performance other tha
as: PL4p = 128.1 + 37.61og,(dkm ), Wheredy,,, denotes the the typically assumed proportional fair metric. To miniethe
distance in kilometer; 3) each MS has one incoming traffic average packet delay across the whole network and avoid the
a rate of20 packets per second and each packet coniks need to solve one NP-hard knapsack problem, we proposed the
bits on average; 4) the system BWI18MHz. Conventional traffic-aware association algorithm (TAAA) which enjoysvio
Max-DL-SINR association is shown in Fig. 2. The resultingcomplexity and fast convergence. Network simulations demo
association pattern of our proposed TAAA is plotted in Fig. 3 strated that our proposed association rule can significkovier
where we can clearly see that users are offloaded towards tdewn the packet delay compared to the conventional Max-DL-
pico-BSs when observing the high load in the macro-BS. I'SINR association. A more rigorous convergence analysis is t
Fig. 4, we show the proposed TAAA can improve the averag®e carried out in the follow-up work.
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