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Abstract — Ultra-dense network (UDN) is a promising way to address the high throughput demand in future radio access 
networks. However, the downlink inter-cell interference to user equipments (UEs) in dense small cell environment is a key problem 
restricting the wide application. Although cell range expansion (CRE) and almost blank subframe (ABS) cancel the interference 
from macro cells, they cannot deal with the interference from small cells in a dense deployed network. To reduce the interference 
caused by high small cells density, we propose a downlink scheduling and coordinated transmission algorithm for CRE UEs. CRE 
UEs can be transferred to different protected subframes dynamically in time domain to avoid the main interference sources. And 
coordinated transmission between macro and pico eNB could help guarantee CRE UEs’ performance which are far from serving 
cells. Simulation results show that our proposed algorithm provides stable and substantial spectrum efficiency gains compared to 
traditional methods. 
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I. INTRODUCTION 

In recent years, the demand for mobile data rates is 
growing rapidly that forces the researchers to come up with 
new technique. To accommodate the increasing data usage 
and the new multimedia applications, the Third Generation 
Partnership Project (3GPP) Release 8 marks the Long Term 
Evaluation (LTE) standard of orthogonal frequency division 
multiplexing (OFDM) and multiple-input multiple-output 
(MIMO). However, LTE improves system performance by 
using more spectrum resource without improving spectrum 
efficiency [1-3]. 

LTE-Advanced is a technology enhancement to LTE that 
meets the IMT-Advanced requirements for 4G. LTE-
Advanced was standardized by the 3GPP group in Release 
10. And 3GPP has been working on different aspects to 
improve LTE-Advanced performance, includeing 
heterogeneous networks, carrier aggregation, relay, high 
order MIMO and CoMP (Coordinated Multiple Point 
transmission/reception). Bandwidth supported by LTE is 
from 1 to 20MHz, and it can be extended in LTE-Advanced 
by carrier aggregation [4,5]. 

As one of the most important solution to enhance peak 
data rates in LTE-Advanced, heterogeneous networks are 
deployments of cells with different coverage radius. In 
typical heterogeneous networks, macro cells provide 
continuous coverage, while small cells, e.g., pico cells and 
femto cells, are overlaid onto macro cells. Heterogeneous 
networks with various tiers of cells are considered as the 
most promising solution to increase coverage and system 
throughput. And the benefits of heterogeneous network 
strongly depend on the spatial reuse of spectrum. In contrast 
to homogeneous networks, the co-channel interference is 
more complicated and exhibit special characteristics in 
heterogeneous networks [6]. 

The coverage disparity between macro and small cells 
will lead to overload of macro cells and inefficient resource 
utilization. In order to achieve the load balancing between 
macro and small cells, cell range expansion (CRE) method is 
employed to expand the cell radius of the small cells. CRE 
permits more users to be served by small cells which provide 
weaker downlink signal quality. In such case, the footprint of 
small cells is increased by adding a positive bias to the 
reference signal received power (RSRP) to offload macro 
user equipments (UEs). However, interference from the 
umbrella macro cells may seriously degrade the performance 
of most UEs in the expanded regions [7]. 

To avoid the inter-cell interference, frequency-domain 
resource partition is a solution in homogeneous networks. 
However, this method is not spectrum effective. And it only 
provides the improvement for the data channels, while 
failing to protect the control channels carrying critical 
control information. As a result, time-domain enhanced 
inter-cell interference coordination (eICIC) is proposed in 
3GPP Release 10 to improve the offload gain. In this 
approach, the macro cells which previously served the UEs 
in the expanded regions only transmit reference signals and 
synchronization information, but stop data transmission in 
some subframes for interference mitigation. These subframes 
are named as almost blank subframes (ABSs). Advanced UE 
receivers are assumed to be able to suppress the residual 
interference from ABSs. Therefore, increasing the bias of 
CRE method leads to better performance of pico cells. 
Because more UEs will be served by pico evolved Node Bs 
(eNBs) and experience reduced interference from the macro 
layer [8]. 

In this paper, we refer to a UE in the expanded regions as 
a CRE UE, a UE served by a macro cell as a macro UE and a 
UE served by a pico cell experiencing interference from the 
macro cell as a pico UE. 
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With the unrelenting demand for high spectrum 
efficiency in future wireless and mobile networks, small cells 
are conceived to be densely deployed as an ultra-dense 
network (UDN) which is one of the hot topics in 3GPP 
Release 12. The network capacity will be increased by 
reusing the allocated spectrum on the basis of the 
infrastructure densification. However, the high density of 
small cells may impose serious interference, especially for 
the CRE UEs which are far away from the serving eNBs. 

Instead of cross-tier interference, the downlink 
interference among small cells becomes the biggest problem 
in UDNs. An effective semi-static ICIC method is designed 
in where the ABSs can be selected according to the number 
of muting cells in its interference pool. Considering many 
small cells are deployed in a narrow area in UDNs, it may be 
not enough to reflect the interference level. And the most 
interfering cell should be coordination managed among 
eNBs to improve system throughput. 

Coordinated multiple point transmission/reception 
(CoMP) technology in LTE-A has been identified as an 
important way to reduce the inter-cell interference and 
improve the spectrum efficiency which could be in 
implemented for CRE UEs with ABS. CoMP can be divided 
into two transmission modes, i.e., joint processing (JP) and 
coordinated scheduling/beamforming (CS/CB). CoMP-
CS/CB aims to reduce the interference from neighboring 
cells toward UEs when only scheduling information and CSI 
(Channel State Information) of the serving cell are shared. 
Compared to CoMP-CB/CS, CoMP-JP can exploit the 
abundant spatial resources and convert interference to useful 
signals. But CoMP-JP shares the UEs’ data and CSI 
simultaneously which requires for high capacity backhaul 
links, resulting in a high overhead on the networks. 
Therefore, CoMP-CB/CS is concerned in this paper. In the 
rest of the paper, CoMP-CS/CB is CoMP for simplicity. 

In this paper, we propose a CRE user scheduling 
algorithm based on ABS in UDNs. Our contributions include 
(a) proposing a dynamic subframe allocation method in time 
domain based on ABS to decrease the inter-cell interference; 
(b) transferring certain CRE UEs to normal subframes by 
cooperation among macro and pico eNBs to improve 
spectrum efficiency. 

The rest of the paper is organized as follows. In Section 
2, we describe the inter-cell interference in UDNs. In Section 
3, the system model is given. In Section 4, we explain the 
downlink scheduling and coordinated transmission design in 
UDNs. Simulation results are provided in Section 5, and the 
conclusions are given in the last section. 

II. INTERFERENCE IN UDNS 

The industry predicts a huge 1000 times increase in the 
global mobile data capacity per area by year 2020. Most of 
this demand will come from wireless multimedia service at 
high data rates. Some emerging technologies, such as 
advance antenna systems, modulation and coding etc., can be 
applied to improve efficiency. And more reservable 
spectrum band will be released by government for future 
wireless communications. Although these methods can be 
implemented to increase the cell throughput by dozens of 

times, they are still not able to handle network service 
growth in the future. The most promising case study on how 
to improve network capacity and support more UEs is 
reusing the allocated spectrum resource as frequently as 
possible. Traditional cell splitting has been useful but 
unsustainable. So we need to increase the small cell density 
throughout the network service area along with capacity 
upgrades. The deployment density of eNBs in UDNs is ten 
times more than the current mobile cellular networks. And 
the distance between eNBs shall not exceed 200 m. Such 
unconventional dense deployments will bring serious and 
complex inter-cell interference. 

A UDN composed of a macro cell and several pico cells 
inside is considered in this paper. In traditional networks, 
each UE will select its serving cell with the highest RSRP. 
Most UEs tend to connect to the distant high-power macro 
eNB, not to the nearest pico eNB. Usually, the cell-edge UEs 
served by pico cells suffer interference from the macro eNB 
due to the large difference in transmission power. On the 
other hand, because of the high density of pico cells which 
leads to the close proximity, pico eNBs interfere each other 
seriously even if no range expansion. Considering the large 
number of pico cells in the given area, the interference from 
the neighboring pico cells will exceed the macro cell.  

With the increased bias of CRE, more macro UEs are 
offloaded to the pico cells. The adjacent pico cells are not 
only close to each other but also overlaps in some cases. 
Therefore, CRE UEs which are far from pico eNBs bound to 
suffer stronger interference than normal pico UEs. Compared 
to traditional heterogeneous networks, the interference 
problem of CRE UEs gets more serious in UDNs which is 
the focus of this paper. 

III. SYSTEM MODEL 

A. Network architecture 

We consider a downlink scenario of a two-tier 
heterogeneous network which several pico cells are overlaid 
with a macro cell, as shown in Fig. 1. The backhaul links 
between each eNB are assumed error-free and capacity-
infinite. Both tiers of cellular networks are OFDMA systems 
operating in the same frequency band. 

Without explicit network planning, these pico cells 
randomly distribute in the given area. This makes the 
distance between pico eNBs short in the narrow region. 
Although the CRE UEs could avoid the interference from the 
macro cell with eICIC, but still suffer from the neighboring 
cells. 

B. CRE scheme 

Traditionally, the macro cell is always chosen as the 
serving cell by UEs considering RSRP. However, this 
selection method depends not on the channel quality, but on 
the received energy. With a positive bias, CRE can 
compensate for the difference of channel qualities between 
macro and pico cells. The serving cell of UE i could be 
expressed as 

 
Serving Cell IDi = argmaxi (RSRPj+λj)                  (1) 
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where RSRPj is the received power from eNB j that 

expressed in decibel terms. And λj is the bias value which is 
operated as 

 
0 , if is a macro cell

0,if is a pico celli

i

i





       (2) 
 
In the time domain, the subframes are separated into two 

groups, almost blank and normal subframes. The macro UEs 
and pico UEs can only be active during the normal 
subframes when the ABS is applied in macro cells. Then, 
UEs in the expanded regions receive their data during these 
protected subframes, as shown in Fig. 2. In this example, 
macro eNB transmit signals in odd subframes, while CRE 
UEs receive strong RSRP in even subframes and suffer little 
interference from macro cells. 

   

 

Fig. 1: A two-tier heterogeneous network 

 

 
Fig. 2: Example of ABS for CRE 

III. DOWNLINK SCHEDULING AND 

COORDINATED TRANSMISSION DESIGN 

In this section, the downlink scheduling in UDNs is 
proposed at first, then the coordinated transmission for CRE 
UEs is analyzed, and the flow chart will also be given. 

A. Downlink scheduling in UDNs 

 
 

A subframe pattern, which includes four subframes in 
many cases, is used to indicate the active and idle subframes 
per cycle. This pattern could be similar to the division of the 

whole bandwidth into four subbands without consideration 
of control signals. 

For instance, we assume two-tier heterogeneous networks 
with a macro cell which is overlaid with three pico cells. And 
the subframe pattern assignment is shown in Fig. 3.  

Typical subframe pattern with two almost blank 
subframes and two normal subframes for the macro cell can 
be seen in this figure. Hence two protected subframes are 
allocated in a period for CRE UEs in three pico cells. Inter-
cell interference is the main interference to CRE UEs owing 
to close distances among three pico eNBs. We can choose 
two pico cells which suffer interference most seriously. And 
each protected subframes in a subframe pattern is assigned to 
one of the two pico eNBs respectively. So CRE UEs in these 
two pico cells are able to be active in a quarter of their time 
without interference. 

 

 
Fig. 3: Subframe pattern assignment 

 
Suppose there is a set of Np pico cells in heterogeneous 

networks, and each pico eNB equipped with Ntp antennas 
transmits data to the M single-antenna CRE UEs in its cell. 
And the number of protected subframes in a subframe 
pattern is Ns.  

In protected subframes, the receiving inter-cell 
interference of the UE nm in pico cell n is given by 
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The first protected subframe in our pattern is assigned to 
the pico cell which suffers interference most seriously. And 
the solution is given as 

M

1
1

arg max
mps f n

n m

cell P 


 
  

 


                           (5) 
According to (5), active small cell can be obtained from 

the similar approach which will be tried for the protected 
subframe ns  

1 ( 1)
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          (6) 
If Np>Ns, there are still some unassigned pico cells left 

after every protected subframe is assigned a pico eNB. Thus, 
we need to continue the assignment for the cells left. The 
pico cell which is chosen by the first protected subframe 
again is given by 

1
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Using (7), the small cells can be divided evenly among 
subframes to reduce inter-cell interference. 

B. Coordinated transmission for CRE UEs 

If the number of transmitting antennas is enough, 
downlink inter-eNB coordination can be applied for UEs. 
And the necessary CSI is assumed to be available at the 
transmitting end. Under transmitting antennas constraints, 
CRE UEs served by pico eNBs which interfere other cells 
can join CoMP. Because there is a limited number of CRE 
UEs joining CoMP, the UEs far from serving eNB should be 
preferred. 

The CRE UEs joining CoMP are scheduled on the 
macro-side in normal subframes and do not interfere 

adjacent UEs. The achievable rate 
i

C
nR  of CRE UE ni in pico 

cell n in unit downlink transmission bandwidth in normal 
subframes is given by 

2

, , , 2
2 2

log (1 )i i i

i

T
mac n mac n mac nC

n

p
R


 

h W

                     (8) 

where , imac nh  is the fading channel from the macro cell 

to UE ni, , imac nW is the precoding vector, , imac np  is the 

transmission power of the macro eNB and 
2  is the noise 

power. 
Considering the handover from seving pico cell to target 

macro cell for CRE UEs in CoMP, the transmission power 
reduction of pico eNBs can reduce interference to other 
small cells. 

If the power reduction of a pico eNB is λR, the cell line is 
given by 

, ,( )
i in n j R n mRSRP RSRP   

                           (9) 

where ,in nRSRP is the power which UE ni received from 

eNB n and ,in mRSRP is the power received from the macro 

cell. That amounts to a CRE bias reduction. Some CRE UEs 
have been turned into macro UEs through CoMP to reach the 
load balancing. 

C. Flow chart for the design  

According to the downlink scheduling and coordinated 
transmission design, the flow chart is drawn in Fig. 5. 

From the flow chart, the design undergoes following 
steps: 

(1) Each protected subframe is assigned to a pico cell 
which suffers interference severely. 

(2) The cells left are assigned subframes in accordance 
with the order from small to large interference incurred to 
assigned cells. 

(3) CRE UEs in interfering cells which are far from 
serving eNB join CoMP and communicate with macro eNB 
during normal subframes. 

(4) In order to reduce the interference, transmission 
power and CRE biases of pico cells in CoMP can be 
reduced. 

 

 
Fig. 4: Flow chart of the algorithm 

IV. SIMULATIONS 

This section presents system level simulation to evaluate 
the performance of our proposed algorithm, ABS-T and 
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ABS-C. All CRE UEs in the pico cells are scheduled in the 
protected subframes in ABS-T. For ABS-C, the protected 
subframes with less interference are chosen by CRE UEs. 

The corresponding simulation parameters are listed in 
Tab. 1. 

Fig. 5 shows the spectrum efficiency under different 
biases for these algorithms when distance between pico 
eNBs is less than 150 m. With the increase of bias values, 
distances between pico eNB and CRE UEs increase leading 
to decrease of signal strength. And decrease of the SE can be 
found in all the algorithms. ABS-T outperforms our 
algorithm when CRE bias is only 4 dB. This is because CRE 
UEs are close to pico eNB and far away from interfering 
cells. Compared to ABS-T and ABS-C, performance 
degradation of our algorithm under different biases is not 
obvious, because UEs joining CoMP are able to 
communicate with macro eNB during normal subframes. 

Maximum distance between pico eNBs is narrowed from 
150 m to 100 m in Fig. 6. Inter-cell interference will become 
prominent along with the decrease of distances. However, 
SE gain gap between our proposed method and others will be 
wider due to the benefit of coordinated transmission for UEs 
during normal subframes. 

 

TABLE 1: MAIN SIMULATION ASSUMPTIONS 

Parameters Assumption 
Network layout Hexagonal grid, 

6 pico eNBs are deployed in each macro cell 
Subframe pattern 2 almost blank subframes and 2 normal 

subframes 
Carrier frequency 2000 [MHz] 

Shadowing standard 
deviation 

8 [dB] 

eNB noise figure 
UE noise figure 

Pico eNB location 
Pathloss model 

 
Transmission power 

 
Antennas 

 
UE antenna pattern 

Antenna gain 
 

Traffic model 

5 [dB] 
9 [dB] 

Mean distance between macro and pico eNB: 
250 [m] 

Macro:Pathloss=15.3+37.6lg(R); 
Pico:Pathloss=30.6+36.76lg(R)，R in m 

Macro eNB: 46 [dBm]; 
Pico eNB: 30 [dBm] 

Macro eNB: 8 [Tx]; Pico eNB: 2 [Tx]; 
UE: 1 [Rx] 

Omni 
Macro eNB: 14 [dBi]; 

Pico eNB: 5 [dBi] 
Full buffer, full load. 
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Fig. 5: Comparison of SE under different biases (distance between pico 

eNBs is less than 150 m) 

 
Fig. 6: Comparison of SE under different biases (distance between pico 

eNBs is less than 100 m) 

 
Fig. 7: Comparison of CDF of SE with bias 8dB 

 
Fig. 8: Comparison of CDF of SE with bias 14dB 

Given CRE biases of 8 and 14 dB, Fig. 7 and Fig. 8 
illustrate the cumulative distribution functions (CDFs) of SE. 
It can be seen that our algorithm has stable performance. 
Pico cells are less affected by inter-cell interference due to 
small CRE bias in Fig. 7. Great distances between pico eNBs 
which lead to reduced interference in some cases can bring 
ABS-T improvement in SE. In contrast, the proposed 
algorithm can still provide evident performance gain over 
others. 

V. CONCLUSION 

In this paper, we study the inter-cell interference for the 
UDNs scenario with the macro and expanded-region pico 
cells. We first propose a downlink scheduling method for 
CRE UEs with ABS in time domain to avoid the main 
interference sources and minimize the interference suffered 
by CRE UEs during protected subframes. In the two-tier 
heterogeneous network, CRE UEs far from pico eNBs are 
transferred to normal subframes by cooperation among 
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macro and pico eNBs to improve spectrum efficiency. In 
addition, transmission power of pico eNBs is reduced to 
decrease the numbers of CRE UEs which are active during 
protected subframes and minimize the inter-cell interference 
in UDNs. Simulation results show that our proposed 
algorithm can achieve better and more stable SE 
performance compared with traditional methods under 
different bias settings. However, the backhaul capacity is not 
considered in our methods which may limit the scope of 
application and will be a subject for further studies. 
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