Joint Multi-Cell Resource Allocation Using Pure
Binary-Integer Programming for LTE Uplink

Tong Zhang, Xiaofeng Tao, Qimei Cui
Key Laboratory of Universal Wireless Communication, Ministry of Education
Beijing University of Posts and Telecommunications, Beijing, 100876, China
Email: bennytongzhang @ gmail.com

Abstract—Due to high system capacity requirement, 3GPP
Long Term Evolution (LTE) is likely to adopt frequency reuse
factor 1 at the cost of suffering severe inter-cell interference
(ICI). One of combating ICI strategies is network cooperation
of resource allocation (RA). For LTE uplink RA, requiring
all the subcarriers to be allocated adjacently complicates the
RA problem greatly. This paper investigates the joint multi-
cell RA problem for LTE uplink. We model the uplink RA and
ICI mitigation problem using pure binary-integer programming
(BIP), with integrative consideration of all users’ channel state
information (CSI). The advantage of the pure BIP model is that
it can be solved by branch-and-bound search (BBS) algorithm or
other BIP solving algorithms, rather than resorting to exhaustive
search. The system-level simulation results show that it yields
14.83% and 22.13% gains over single-cell optimal RA in aver-
age spectrum efficiency and Sth percentile of user throughput,
respectively.

I. INTRODUCTION

Localized single-carrier frequency division multiple ac-
cess (SC-FDMA) is applied to 3GPP Long Term Evolution
(LTE) uplink system requires only adjacent subcarriers can
be allocated to users. One of advantage is mitigating the
peak-to-average-power ratio problems and user equipment
implementation complexity [1]. However, subcarrier adjacency
constraint makes resource allocation (RA) problem much more
complex than orthogonal frequency division multiple access
(OFDMA) system [2].

The inter-cell interference (ICI) is one of the main inter-
ference sources in the LTE uplink, especially degrading cell-
edge users’ performance. The partial frequency reuse (PFR)
and soft frequency reuse (SFR) (frequency reuse greater than
1) will alleviate ICI, but reduces average spectrum efficiency
[3]. In order to achieve high system capacity, the LTE uplink
system will probably adopt frequency reuse 1 strategy [4].
In this situation, one effective inter-cell interference coor-
dination (ICIC) method is that base stations (BSs) jointly
allocate resources, with the help of a centralized scheduler
and high-capacity backhaul. The optimal case is joint power
control (PC) and RA, but greatly increases the computational
complexity. [5] solves the problem for OFDMA system using
the mixed-integer programming (MIP) by exhaustive search.
We consider one way of lowering complexity is splitting the
problem into PC and RA [6]. Furthermore, the open-loop PC
is taken [6], which is an inverse PC for combating near-far
effect and similar to LTE protocols [7].

The RA and PC strategies are investigated in device-to-
device [8] and relay selection [9], respectively. A multi-cell
cooperative RA scheme for LTE uplink using interference-
aware strategy based on proportional fair (PF) is proposed
in [6]. In [6], a centralized scheduler not only measures the
interference current cell suffered but also evaluates influence of
forthcoming scheduling decisions to scheduled cells. However,
that scheme does not take all channel state information (CSI)
into integrative consideration. The average spectrum efficiency
and cell-edge user throughput can continue to boost, if joint
multi-cell RA is carried out in a more comprehensive CSI
utilization.

In this paper, we introduce a joint multi-cell RA scheme
using pure binary-integer programming (BIP). The proposed
scheme generates allocation strategy for all cooperative cells
simultaneously using comprehensive CSI knowledge. We aim
at maximizing the sum of metric, and create constraints by
incorporating the inter-cell user pairs (UPs) with resource
patterns. We also analyze the performance of our proposed
scheme, multi-cell cooperative RA [6] and single-cell opti-
mal RA [11] by means of extensive system-level simulation.
Tracing back to [11], based on the set partition method, it
proposes a kind of pure BIP model to optimize single-cell
LTE uplink RA. The merit of pure BIP model is that it can
be solved by BBS algorithm or other BIP solving algorithms,
without resorting to exhaustive search [11]. Moreover, [12]
applies it to virtual-MIMO systems, which focuses on how
to pair intra-cell users. Through the set partition method,
[12] obtains the optimal solution of virtual-MIMO systems
costing lower complexity than the exhaustive search model.
Adding into distributed ICI mitigation, [1] extends it to multi-
cell scenes, which not only generates the single-cell UPs
scheduling strategies simultaneously but also mitigates the ICI
by exchanging of high interference indicators. For introducing
inter-cell UPs alignment for resource constraint, we can apply
the pure BIP model to joint multi-cell RA as a suboptimal
scheme. Besides, the joint multi-cell RA is characterized by
considering all CSI and turning out all allocation results at
the same time. Last but not least, our contributions can be
summarized as follows, to the best of our knowledge, it is
the first time that the pure BIP model is applied to multi-cell
scenes with comprehensive consideration of all CSI.

The remainder of the paper is organized as follows. Section
II introduces the cooperative scheduling system for LTE uplink
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Fig. 1. Take three cells cooperative scheduling network for example.

at first, then formulates the optimal joint multi-cell RA model.
The pure BIP model is introduced with defining the novel
metric for throughput and fairness. Simulation results are
shown in Section III and conclusion is drawn in Section IV.

II. SYSTEM MODEL

Consider an LTE uplink system with U BSs / cells. The
uth cell includes K, users and F’ resource blocks (RBs). One
RB consists of twelve consecutive subcarriers in the frequency
domain and one slot duration (0.5msec) in time domain. Each
RB only can be exclusive to one user per cell, namely intra-
cell pairing is not allowed. Each BS and users are equipped
with N, receive antennas and /N, transmission antennas re-
spectively. One centralized scheduler knowing all CSI con-
nects with M cells via the high-capacity backhaul. In down-
link coordinated multi-point transmission/reception (CoMP),
the architecture that the coordinated scheduling/beamforming
(CS/CB) transmission scheme also can be taken [10].

We use the non-cooperative receiving, without utilization
of other cells’ leakage signal. A fast infrastructure is em-
ployed, where the backhaul capacity can be seemed as large
enough. For each cell, we adapt linear minimum mean square
error (LMMSE) receiver to equalize the received signal. For
practical consideration, the LMMSE receiver enjoys a much
lower complexity than maximum likelihood (ML) receiver, but
keeping appropriate performance. Denote h; ; , as the ith user
channel matrix on the ¢th subcarrier with the jth RB. The
covariance matrix of interference plus noise can be expressed
by R.. [6].

Rzz = Z F)i’hi’,j,qhi];[,jg + E |:ni7j7qnil—’lj’q:| (1)
i €y

()H is the conjugate-transpose operator. n; ; , is the thermal
noise.

Let P; represents transmission power per subcarrier of the
ith user. v; denotes the set of users scheduled on the jth RB,
removing the ith user. Consequently, the LMMSE decoding
matrix wj ;4 can be written as [6]:

. —1
Wi g =5, (hijqht', + diag(R..)) (2)

In order to calculate the instantaneous throughput of ith user

on the jth RB, we should firstly present the expression of the
signal-to-noise-ratio (SINR) [6].
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Giving the ith user’ SINR on every subcarrier, the instanta-
neous throughput of ith user on the jth RB can be optimisti-
cally estimated via the Shannon formula.

Q
Rij=B-) log, (1+7,) “4)
g=1
Denote () as the number of subcarriers on the jth RB. B is
the bandwidth of subcarrier.
First, we establish the optimal joint multi-cell RA model,
aimed at maximizing the weighted throughput. It can be
formulated as follows:

U K,
argmax Y- Y wi, X Ri
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the p;, denotes the consecutive RBs assigned to the ith user
in the uth cell. w;, is the weighed metric, denoting the
fairness. In regard to Max SINR scheduling, it is a constant.
Considering PF criterion, it can be written as w;, = 1/7;,.
7;, 1s long-term average throughput for the ith in the uth cell.
The model constraints guarantee the consecutive RBs assigned
to users are distinct, in order to make sure the subcarrier
adjacency.

However, that model is with high complexity, and can only
be solved by exhaustive search [11]. In next subsection, we
will propose a pure BIP model, which can be solved by BBS
instead of exhaustive search.

A. Pure Binary-Integer Programming Model

We define the concept of inter-cell UP at beginning, which
is the U users {41,142, -- ,iy} in the cooperative scheduling
network simultaneously transmit on the same RB, one user for
each cell. In the single-cell LTE uplink RA, the individual user
is the basic element to be scheduled. Nevertheless, considering
the ICI mitigation, we should analyze the scheduling process
of inter-cell UP, instead of individual user. Moreover, we
introduce the exclusivity constraint, indicating that all RBs
will be allocated finally. Specially, in order to ensure both the
exclusivity and adjacency, we adopt the consecutive resource
pattern as the basic RA element [11]. If the total RBs are F,
the number of resource patterns is J = (F 2+ F ) / 2.

In this pure BIP model, the matrixes A and B are introduced
to ensure adjacency and exclusivity. There are N, = K; X
Ky x -+« x Ky different ways to choose U users to constitute
the inter-cell UP. For integrative consideration of all users’



CSI, all inter-cell UPs’ combinations are enumerated. The

T
reward vector C = [c1,1,"** , €10, " sCNyu 1y " » CNait o d ] >
and we will introduce the metric in detail in next
subsection. The binary-integer variable vector containing
J X Ny elements is corresponding;y written, x =
[T11, -, T1,0, &N 1s s ENyy,J] - We can formulate
this pure BIP model as follows.

max CTx
Ax=1

st. Bx<1
T j S {O, 1}

Here, generally, all inter-cell UPs are in response to the same
consecutive resource pattern, so the basic resource pattern
matrix T is the same, that is A = 1y, ® T. The symbol
® is the Kronecker product operator. Each column of basic
resource pattern matrix T stands for one resource pattern,
and the whole basic resource pattern matrix T exhaustively
enumerates all the resource patterns. We can describe the Ith
column of T representing the [th resource pattern as follows.

(6)

T.; =0, 1,10,0p 1 »i1] (7)

It includes the L RBs. Specially, 0p = ¢ denotes empty vector.
For the lth column, the fist digit one begins at the xth row.

l 1<I<F
l—F F<l<2F -1
x = : :
F—1 F—1
L= > (F=(f-1) X F-(-1))<i<J
f=1 f=1
3)
In addition, if the number of RB is 3, the matrix T can be:
1 0 01 0 1
T=|0 1 0 1 1 1
0 01 011

[1,0,0]" means the first RB is pitched on. [1,1,1]" denotes
all RBs will be assigned. If the number of RB is 4, the matrix
T will be:

1000100101
T_|0 100110111
“loo1001 1111

0001001011

Since inter-cell UP combines with resource pattern, so
B = D ® 1. Moreover, D is the basic inter-cell UP matrix,
indicating all combinations of inter-cell UP. For cooperative
scheduling systems containing U cells, it can be expressed as
follows.

Erg, ® 1, x..xKy
11 @ (Ex, ® 1k, x..xKy)
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Ek is the K dimension identity matrix. The digit one repre-
sents that this user is picked up to constitute the inter-cell UP.
Take three cells cooperation for example, if K; = 2, Ky =
4, K3 =1, the D is:

111100 0 0
00001111
D=|1 0101010
01010101
11111111

In addition, take two cells cooperation for example, if K; =
3, K5 = 3, the D is formulated as follows:

1110 0 0 0 O0O
000111000
D:OOOOOOlll
1001 001 0O
010010010

0 01 00 10O

What deserve attention is to ensure the subcarrier adjacency
we add some restrictions. If one user has obtained one resource
pattern, it can’t scheduled once again in this transmission time
interval (TTI). Whereas as long as that solution can guarantee
subcarrier adjacency, it will be feasible. That characteristics
can be summarized as inter-cell UPs alignment for resource,
which is beneficial for lowering computational complexity
but also decreases the performance. Since we conservatively
remove some feasible solutions makes pure BIP model to be
suboptimal.

—_

B. Metric for Throughput and Fairness

We introduce the metric based on the PF criterion for
throughput and fairness in this subsection, which is designed
to let the inter-cell UP with higher instantaneous throughput
and lower long-term average throughput be scheduled. The
metric balances the throughput and fairness, and a fairness
factor is given to be a tradeoff point. Besides, the metric can
be seemed as the sum of single RB and user PFs. At last, the
combinations of metric are with a linear relationship.

For the pth inter-cell UP with the [th resource pattern, the
metric can be written as follows.

U 1\% @t
= (F> : Z Ri, (10)
J=x

u=1

R;, ; is the instantaneous throughput for i,th user at jth RB.
The fairness factor ¢ is designed to adjust the importance of
fairness. 7;, (t) is the long-term average throughput for the
i,th user at TTI ¢.

7o, (t)=0-Ti, t-1)+(1—-p) R, (t—1) (A1)

In that formula, 3 is the fairness forgetting factor, R;, (t — 1)
is the served throughput at TTI ¢ — 1. In fact, R;, (t —1) =0
when the 7,th user isn’t scheduled at TTI ¢ — 1.And that also
will be Max SINR scheduling, if we only take instantaneous
throughput into consideration. That is 7;, becomes a constant.



TABLE I
AVERAGE SPECTRUM EFFICIENCY AND 5TH PERCENTILE OF USER THROUGHPUT

Average spectrum efficiency

Gains 5th percentile of user throughput Gains

Single-cell optimal RA [11] 2.9427 bps\Hz\sector

/ 1644.5057 kbps\user /

Multi-cell cooperative RA [6] 3.2183 bps\Hz\sector 9.37% 1794.9339 kbps'\user 9.15%
Proposed RA 3.3790 bps\Hz\sector 14.83% 2008.5080 kbps'\user 22.13%
III. SIMULATION RESULTS 1
In this section, we introduce the system-level simulation - = ~Proposed RA Rt
0.9H Single—-cell optimal RA [11] Lo E
parameters and the open-loop PC. Then through the system- =0~ Multi-cell cooperative RA [6] iR

level LTE uplink simulation platform we established, the o8y ’
extensive performance of our proposed RA scheme, multi-cell 07 8
cooperative RA [6] and single-cell optimal RA [11] under the 06l |

open-loop PC are investigated.

For approaching practical system, we employ the scenario
1 cell site with 3 sectors per site. Each sector site and
user equipment are equipped with 2 antennas and 1 antenna,
respectively. That deployment scenario can be seen as three
cells cooperative scheduling network depicted in Figure 1. The
remainder of parameters are listed in table II.

A. Open-loop Power Control

In regard to PC, we set the transmit power of one user
according to an open-loop PC equation defined by:

P = min {Pyax, Py + 10 - log,gM + « - PL} (12)

Ppax 18 maximum user transmission power. Here, it is set
to 23 dBm for 3GPP case 1 [14]. Fp is the cell specific
power offset. M is the number of assigned RBs to user.
« is power compensation factor, which can be set within
{0,0.4,0.5,0.6,0.7,0.8,0.9,1}. @ = 0 means no power
compensation and all users transmission power is the same.
a = 1 denotes full power compensation and that makes best of
system ability to balance PL. In practical, PL can be estimated
through the downlink. The open-loop PC is an inverse PC.
Cell-edge user will transmit at a higher power per RB than
cell-center user, which is aimed at combating near-far effect.

B. Performance Comparison

We assume each cell is averagely assigned to 10 users,
and compare the performance of our proposed RA, multi-
cell cooperative RA [6] and single-cell optimal RA [11]. That

TABLE 11
THE SYSTEM-LEVEL SIMULATION PARAMETERS

Parameters Settings
Inter-BS distance 500m
Carrier frequency 2G
Bandwidth 10MHz

Channel model
Path loss (PL)

3GPP Spatial Channel Model
according to [10] Case 1

User speed 3km

Thermal noise -174dBm

HARQ 0

Throughput calculation | EESM

Traffic model Infinite full buffer
Channel estimation Ideal

Power control Pmax = 24dBm, Py = —60dBm,a = 0.6

probability
o
(4]
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Fig. 2. The cumulative distribution functivon (CDF) of user throughput.
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Fig. 3. Average spectrum efficiency with varying number of users.

simulation results are shown in Figure 2 and Table I. In Figure
2, due to the strong ICI, although the single-cell optimal RA
enjoys a more reasonable RB allocation strategy under no
interference assumption, herein the multi-cell cooperative RA
still outperforms the single-cell optimal RA in all users, which
illustrates that ICI degrades the performance badly in multi-
cell scenes. Furthermore, the best performance of our proposed
RA scheme in regard to cell-center user and cell-edge user
is also shown. This is because our proposed RA is with the
integrative consideration of all CSI and better efficient RB



allocation strategy. Figure 2 also depicts that cell-center users
can also generate a large gain to other schemes, which owes
to carefully RB allocation. The system fairness is represented
by the cell-edge users (5th percentile of user user in CDF)
in our paper. In Table I, in contrast to those comparison
schemes, our proposed RA yields significant gains in Sth
percentile of user throughput, because cell-edge users benefit
a lot from ICI mitigation design. At last, we can find that the
average spectrum efficiency is also improved prominently in
our proposed RA scheme.

In Figure 3, with the increasing number of users in three
cells cooperation scheduling network, the average spectrum
efficiency of all RA schemes improve simultaneously. The RA
scheme is more frequently to choose the higher throughput
user at large number of users, which can be summarized as
multi-user diversity [15]. Furthermore the gains of proposed
RA will be maintained, when the number of users is not 10
average users.

IV. CONCLUSION

We introduce a joint multi-cell RA using pure BIP scheme,
and compare it with single-cell optimal RA scheme and a
multi-cell cooperative RA scheme. The simulation results
show that our proposed RA scheme outperforms those two
comparison schemes and yields significant gains in 5th per-
centile of user throughput and average spectrum efficiency.
Furthermore, if we take the joint reception (JR) into consider-
ation, the joint three cells RA using pure BIP scheme is also
suitable for intra-site uplink CoMP RA.
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