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Abstract Heterogeneous cellular networks (HCNs) will be the typical network structure for
future mobile networks. Relay nodes (RNs), as one type of low power nodes in the HCNs, can
be deployed to increase cell coverage and improve cell-edge user throughput. Since RNs may
be densely deployed in hot traffic zones, the co-channel interference (CCI) is more serious
and complex than that in the conventional homogeneous networks. In this paper, we propose
an interference coordination oriented user association scheme in cellular relay networks for
CCI coordination. Firstly, we define a relay interference matrix (RIM), which is used to
decrease the interference-related information feedback overhead. Then we define a function
named as interference duration density (IDD), which indicates the interference probability
from a RN to a user equipment in both the time and frequency domains. Specifically, based
on RIM and IDD, the proposed user association scheme can reduce the probability of the
CCI from interfering RNs by adjusting the number of users associated with such interfering
RNs. By doing so, the CCI among RNs can be mitigated and the system performance is
improved. The proposed scheme can be applied to both the frequency reuse of RNs and the
frequency sharing of RNs in one cell. In the simulation, we verify the effectiveness of the
defined RIM. Then we evaluate the performance of the proposed scheme in terms of relay
link user throughput, spectrum efficiency and user fairness.
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1 Introduction

At present, operators address the explosive growth of mobile data demand by increasing
spectrum reuse efficiency and the densification of the cellular networks. In doing so modern
wireless networks are interference-limited, which motivates the use of interference mitigation
and coordination techniques. In the orthogonal frequency division multiple access (OFDMA)
cellular networks, the inter-cell interference is coordinated mainly in frequency domain to
reduce the co-channel interference (CCI).

The future cellular networks will be heterogeneous cellular networks (HCNs), in which,
different types of low power nodes (LPNs) are distributed throughout traditional macrocell
networks [1]. There are various types of LPNs including micro base station (BS), pico BS,
femto BS, and relay node (RN). In HCN deployments, the overlay macrocell provides a wide
area coverage umbrella while the LPNs are deployed in a more targeted manner to alleviate
coverage dead zones, and more importantly, hot traffic zones. The RNs, as one type of LPNs,
can be deployed in the cellular network to extend the cell coverage and improve cell-edge user
throughput, such networks are called cellular relay networks (CRNs) or multi-hop cellular
networks [2].

In CRNs, the relay link users will suffer the CCI from other nodes in the same cell and the
adjacent cells. The interfering node can be BSs and RNs, which make the interference situ-
ation more complicated. In radio resource allocation and interference coordination scheme,
the interference-related information (including the interference level and the corresponding
interfering nodes) is measured by the user equipment (UE) and fed back to its severing BS [3–
6]. Compared with conventional networks without RNs, the overhead of interference-related
information measurement and feedback in CRNs is much higher especially when there is a
large number of interfering RNs.

In this paper, we propose a low complex but effective method for interference-related infor-
mation measurement of relay link users and construct a corresponding interference matrix,
which can decrease control overhead on interference-related information measurement and
feedback.

In CRNs, the frequency planning and channel allocation are used for CCI coordination
[7–9], which is also a typical method used for interference management in the frequency
domain of OFDMA networks. In this paper, we define a function named as interference
duration density, which indicates the interference probability from a RN to a UE in both the
time and frequency domains. Then we propose an interference coordination oriented user
association (ICUA) scheme. The proposed scheme can reduce the probability of the CCI
from the interfering RNs by adjusting the access node (AN) of UEs. The proposed scheme
can improve the performance of cell edge users (relay link users) and balance the tradeoff
between user fairness and spectrum efficiency.

2 Relative Research

Multi-hop wireless networking traditionally has been studied in the context of ad hoc and
wireless sensor networks [10]. In general, the relaying protocols can be classified as decode-
and-forward (DF) and amplify-and-forward (AF) relaying. The integration of multi-hop
relaying functionalities into cellular networks is one of the promising architectural upgrade
in cellular networks [2].

In the relay networks, the user association problem is usually specified as relay selection
problem. Generally, relay selection problems can be divided into single-relay selection prob-
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lem and multi-relay selection problem [11]. Most of the relay selection considers the channel
state information (CSI), which can be based on physical distance [12], end-to-end signal to
noise ratio (SNR) [13], or signal to interference plus noise ratio SINR [14]. In the CSI-based
relay selection, it is assumed that the receiver knows all the CSI between any transmission
pair. Thereafter proper relay is chosen according to certain benchmark based on CSI. Such
single-relay selection can be applied to the CRN or the ad hoc networks. The multi-relay
selection problem is mainly considered in the wireless cooperative relay networks [11, Fig. 1],
in which, multiple RNs are selected for cooperative diversity gain. In multi-relay selection
problem, exhaustive search can get the optimal solution. But the computational complexity of
this exhaustive scheme is exponential to the number of RNs in the network. For networks with
a large number of RNs, there will be huge amount of feedback bits. So it is crucial to design
multiple relay selection schemes with low complexity, low feedback overhead, and, at the
same time, good system performance. With this consideration, the authors in [11] proposed
a relay ordering scheme for multi-relay selection, and the authors in [15] used evolutionary
algorithm to solve the multi-relay selection problem. However, the network model as shown
in [11,15] and references therein, is very simple, compared with CRN.

The work above didn’t take the ICI in the systems into account. In [16,17], a multiple
source-destination cooperative network with multiple potential AF relays was given, in which
the relay selection considered the interference induced by simultaneous transmissions.

In the CRN, the network model used in relay selection problem is different from the work
mentioned above. The normally used network model of CRN is given in [18, Fig. 1]. In the
CRN, usually there are two hops, and thus the relay selection in CRN is much simpler than the
routing scheme in other multi-hop networks. However, the relay selection in the CRN should
consider the transmission from BS to UE directly and the CCI from both other BSs and RNs.
Another important feature of CRN is that, the RNs deployed in the cellular networks were
used to employ DF relaying protocol.

The authors in [18] gave a survey of radio resource management (including relay selection)
in OFDMA cellular networks with fixed RNs employing DF relaying technique. The relay
selection criteria designed from non-OFDMA cellular networks, such as the scheme proposed
in [19], can be extended to the OFDMA cellular networks directly. Furthermore, in the CRN,
the relay selection can be designed jointly with channel allocation [20], frequency planning
[6], power allocation [21], and load balancing [22].

Since in the CRN the relay selection should decide the association node of UE, including
BSs and RNs, the relay selection problem is mentioned as user association as well [23,24].
A more detailed discussion on the user association problems and more existing works can be
found in [23] and references therein. The authors in [24] took full advantage of heterogeneous
wireless relay networks and proposed user association schemes that jointly consider traffic
load balancing and spectrum efficiency.

In the HCN, the cross-tier and intra-tier interference problems are significantly challenging
due to the various types of LPN deployment, moreover, the randomness of the LPN location
and the difference of transmit power make the interference status more complex [25].

To the best of our knowledge, the user association (relay selection) schemes designed in
the CRN in the literature, although in a multi-cell scenario, the ICI is passive received. In
this paper, we propose an interference coordination oriented user association scheme. In the
proposed scheme, we consider the interference mitigation in both time domain and frequency
domain, which is different from the interference coordination by frequency planning in CRN
[8,9].

In this paper, we consider an OFDMA based CRN with DF relaying, the main contributions
of this paper are:

123



454 T. Zhang et al.

1. We propose a new method to simplify the interference relationship between RNs and
UEs. Firstly, we analyze the interference relationship between UEs and RNs of CRN
with transparent frame structure. Then we define a relay interference matrix (RIM),
which is an effective and simple way to present the interference level between the relay
link users and the corresponding interfering nodes. By this way, the control overhead on
interference-related information measurement and feedback is decreased.

2. The ICI among RNs is coordinated both in the time and frequency domains. In doing so,
we consider the frequency channel allocation and the data transmission duration of UEs,
then define a function named as RN interference duration density, which indicates the
interference probability from a RN to a UE in frequency-time domain.

3. We propose a user association scheme for interference coordination. Based on an initial
access node (AN) selection of UEs, the proposed scheme reduces the number of UEs
associated with a specific RN if this RN has a strong interference to the UEs from other
RNs. The proposed scheme coordinates the ICI by user association adjustment, which is
more flexible for random RN deployment. The proposed scheme can be applied to both
the frequency reuse of RNs and the frequency sharing of RNs in one cell.

3 System Model

We consider an OFDMA based CRN, and DF relaying is employed. In the system, the
available bandwidth is B. A group of subcarriers comprising a resource block (RB) can be
used as the frequency channel in the scheduling. The number of RB is K and Bk is the
bandwidth of RB k.

In the system, the number of BS is NB , and the number of RN is NR . In each cell, the
BS sites in the central, while the RNs are located randomly (or deployed according to the
practical scenario). In each cell, the BS acts as the controller for user association and resource
allocation. In each cell, the BS decides the AN for each UE. Each UE will be divided into
relay link UE or the direct link UEs according to whether it is associated with BS or RN.

The definitions of links and nodes of CRN used in this paper are:

1. Direct link UE is the UE that associates with the BS directly, shorted as D-UE.
2. Relay link UE is the UE that associates with the RN and communicates with the BS via

the RN, shorted as R-UE.
3. BS-UE link is the link between BS and the D-UE (defined as direct link in some literature).
4. BS-RN link is the link between BS and RN (defined as relay link in some literature).
5. RN-UE link is the link between RN and the R-UE (defined as access link in some

literature).

The R-UEs and the D-UEs are served by RNs and BSs via the RN-UE link and the BS-UE
link respectively. We denote u (u ∈ U ) as the index of a UE, the number of UEs in the system
is |U |. The D-UE is ud . The index of BS is b and the index of RN is i . The R-UE served by
the RN i is denoted as ui , the set of R-UEs served by RN i is Ui = {ui }.

It is assumed that the transmission power on each RB of BS is PBS and the transmission
power on each RB of RN is PRN . The large scale channel gain from BS b to UE u is gbu , the
large scale channel gain from BS b to RN i is gbi , and the large scale channel gain from RN
i to UE u is giu .

In this paper, we consider the downlink transparent frame structure of DF relaying, which
is shown in Fig. 1 [26]. The RNs receive the data of the R-UEs from the served BS through
the BS-RN link. The BS schedules RBs in each frame. Each frame is divided into two time
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BS-UE
BS-RN

RN-UE

frame

1st time slot 2nd time slot

Fig. 1 The downlink transparent frame structure

slots. In the first time slot, the RBs are allocated to the D-UEs and the RNs. In the second time
slot, the RBs are allocated to the R-UEs. Since there is only the RN-UE links in the second
time slot, the R-UEs would not be interfered by the BSs in the adjacent cells. However, these
R-UEs suffer from CCI from other RNs in the cells (all the RBs are reused by the RNs in the
same cell) or other RNs in the adjacent cells (all the RBs are shared by the RNs in the same
cell).

The frequency channel is defined as RB in this paper. The frequency channel allocation
in each cell is scheduling the RB for UEs. In the first time slot, the BS-UE link and BS-RN
link share the whole frequency band with a fixed predefined ratio. In the second time slot,
according to the frequency reuse method, we define two cases for RB allocation to the RN-UE
link in each cell [9].

Case 1: All the RNs share the frequency band in each cell in the second time slot.
Case 2: All the RN reuse the frequency band (FRF = 1) in each cell in the second time slot.

4 Interference Analysis and Interference Matrix

4.1 Interference Analysis

Considering the interference of a certain R-UE, this R-UE will receive the interference signal
from all the inter-channel RNs. However, in practical networks, since the transmission power
of the RN is small, only the RNs who are close to this R-UE can have affect on the performance
of this R-UE, and the interference level of these RNs which are far away beyond a certain
distance can be neglected because it is too small to affect the performance of this R-UE. Such
analysis had been proofed by simulation results (Sect. 5.2). According to this analysis, we
have such a conclusion:

Conclusion 1 If we want to reduce the inference level of a certain UE, we only need
consider the adjacent RNs with the interference above a certain threshold.

Based on this knowledge, the complexity of interference mitigation can be reduced without
the loss of accuracy.

Considering the deployment of RN in the practical scenario, the coverage area of RN is
small so the R-UE is close to the accessed RN. Meanwhile, the RNs will be deployed far from
each other in order to avoid strong interference. As a result, normally, the distance between
two RNs is larger than the distance between an R-UE and its accessed RN. From the path-
loss model of the fading channel we know that, there is a positive correlation between the
interference level in large scale and the transmission distance of the interference signal. As
one example shown in Fig. 2, the distance between different RNs is larger than the distance
between RN1 and UE1. Therefore, if some RNs have strong interference to the RN1, they
will have strong interference to the R-UEs covered by RN1 as well, e.g., UE1.

Base on the above analysis, we have the second conclusion:
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RN4

RN3

RN1

RN2

UE1
BS

Fig. 2 An example of the RN and UE distribution

Conclusion 2 The received interference level of an R-UE from other RNs can be evaluated
by the received interference level in this R-UE’s associated RN from other RNs.

It means that, when we want to find the interfering node to a certain R-UE, we only need
find the interfering node of the accessed RN of this relay link UE.

Based on the Conclusion 1 and Conclusion 2, the interference-related information mea-
surement method of a specific UE is simplified to the collection the interference level above
a predefined threshold and the corresponding interfering RNs of its accessed RN. With this
method, the system doesn’t require the interference-related information feedback from the
UEs to the BS and only need the RNs feed the interference-related information back to the
BS. Due to the fact that the number of RNs is quite smaller than that of the UEs in the
networks, the control overhead and the computational complexity is reduced greatly.

4.2 Relay Interference Matrix

We define the relay interference matrix (RIM) to indicate the interference relationship of
RNs in the second time slot, in which, we use an interference level threshold to reduce the
size of the RIM according to the Conclusion 1.

The predefined interference level threshold is η. Only the interfering RNs whose interfer-
ence signal power is larger than η will be considered, which is defined as effective interfering
RN .

We consider the interference signal power in the large scale fading channel as the element
in RIM. In fact, the interference level of RNs also can be expressed by interference signal
power in fast fading channel in short time scale and the distance between RNs in long time
scale. The large scale interference can be regarded as semi-static interference information
in the networks, which has a tradeoff between accuracy and the complexity of the proposed
scheme.

The RIM is obtained as follows.

1. Matrix Initialization: the RIM is MNR×NR , in which NR is the number of RNs in the
network. The element w j i in the MNR×NR is the large scale interference level from RN
j to RN i , and wi i = 0. When the RNs in the same cell share the frequency band (case
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1), we define w j i = 0 (i, j ∈ ek), the ek is the set of RN in the cell k; and when the RNs
in the same cell reuse the frequency band (case 2), the w j i �= 0 (i, j ∈ ek).

2. Matrix Refinement: we set w j i = 0 if the value of w j i < η; set wi j = 1 if the value
of w j i ≥ η. According to the Conclusion 2, if w j i �= 0, the RN j is the effective
interfering RN of RN i , and RN j also can be seen as the effective interfering RN of
the R-UEs associated with RN i . The set of effective interfering RNs of the RN i is
Ri = { j}, w j i �= 0. We define the number of non-zero element in the i th column as the
interference degree of RN i . The RN with lager interference degree means this RN has
more interfering RNs.

5 Interference Coordination Oriented User Association

5.1 Interference Duration Density

The RIM considers the ICI among RNs in the frequency domain. The frequency domain ICI
coordination is a normal method for interference mitigation. In this section, we define an
interference duration density function considering the ICI both in the frequency domain and
time domain.

Proportional fairness scheduling algorithm, which is a typical scheduling method in cellu-
lar networks, can be used for RB allocation for R-UEs. It had been proved that, for the users
competing the same channel in the scheduling, the probability of each user occupying this
channel is equal [27]. Since the number of RB in the second time slot is fixed, in the view
of long term, the R-UEs would be allocated the same number of RBs. A RN obtains a RB if
the R-UE accessing to this RN occupies this RB. Therefore, the probability of RN obtaining
a RB is proportion to the number of its serving R-UEs.

Based on this knowledge, we deduce a RN interference duration density (IDD), which
reverses the relationship between the interference arising by a RN and the number of its
serving R-UEs both in the frequency-time domain.

In a specific cell, the R-UE u served by the RN i is denoted as ui . The set of R-UEs served
by RN i is Ui = {ui }, and the number of R-UEs served by RN i is mi = |Ui |. The total
number of R-UEs sharing the same frequency band with Ui is ni , so the probability of RN
i transmission on a RB is mi/ni . When the RNs in the same cell share the frequency band,
ni = ∑

i∈ei
mi ; when the RNs in the same cell reuse the frequency band, ni = mi .

As defined in the RIM, The set of effective interfering RNs of the RN i is Ri ={ j}, w j i �=0.
For each RN j, ∀ j ∈ Ri , the probability of transmission on a certain RB is m j/n j . The
interference level from RN j to UE ui is PRN g jui , with the following probability,

Pr jui = m j

n j
PRN g jui , (1)

in which, Pr jui denotes the probability that RN j interferes UE ui .
In the practical system, UEs will be in the receiving state just when they receive downlink

data, and the RNs will be in the transmitting state when they have downlink data to send. So
only when the RN j is transmitting and the R-UE ui is receiving, there exists CCI. Based
on this consideration, we define the RN IDD as the product of the probability of the RN j
interfering to the R-UE u and the operation duration of the RN j and the R-UE u both in
working state. The definition of IDD presents the interference situation of RN in the practical
system, which is a reasonable way to evaluate the effect of the interference from RN on the
R-UE in the frequency-time domain.

123



458 T. Zhang et al.

It is assumed that the R-UE u has limited data transferring requirement, d (u) bits. In the
system, the operation duration of R-UE u is estimated by Tu = d (u)/cu , in which, cu is
the average data rate of R-UE u. In this paper, we uses a large scale data rate as the average
data rate of R-UE u since the user association takes place before the scheduling process, the
system doesn’t have the knowledge of the instance data rate of UE.

Correspondingly, the total data volume should be transmitted by RN j is
∑

u j ∈U j
d

(
u j

)

bits and the average data rate of RN j is defined as c j = ∑
u j ∈U j

cu j /m j , then operation
duration of RN j is

Tj =
∑

u j ∈U j
d

(
u j

)

c j
. (2)

Then the operation duration of the RN j and UE ui in working state is Tjui = min
(
Tj , Tui

)
.

The IDD from RN j to UE ui is

I jui = Tjui × Pr jui = min
(
Tj , Tui

) × m j

n j
PRNg jui . (3)

The same RN will have different IDD with different R-UEs, so we use the operation
duration of each R-UE to normalize the IDD. We define the normalized interference duration
density (NIDD) from RN j to UE ui as

NI jui = I jui

Tjui

=
min

(
Tj , Tjui

) × m j
n j

PRNg jui

Tjui

. (4)

5.2 Procedure of User Association Scheme

The main idea of the proposed user association scheme is: (1) the system generates a RIM for
the network according to the large scale interference level among RNs and decides an initial
AN for each UE according to the large scale channel gain; (2) the system finds the target
R-UEs whose large scale SINR smaller than a predefined threshold among the R-UEs, then
sorts the target R-UEs in ascending order in term of the interference degree of its accessed
RN; (3) for each target R-UE, the interfering RN with maximum NIDD adjusts the number of
served R-UEs to reduce the interference duration to the target R-UE; (4) the system updates
the RIM, iterates for the next target R-UE till the convergence of the scheme. In the proposed
scheme, sorting the target R-UE leads to adjust the RN with larger interference degree in
priority, in doing so, the RN with more interfering RNs will get rid of the CCI first.

Figure 3 is procedure of the proposed scheme, and the detailed process is given as follows.
Step 1: RIM generation
The system generates a RIM under a specific network deployment. The effective interfer-

ence RNs of a RN is seemed as the effective interference RNs of the R-UEs in this RN.
Step 2: AN Initialization
The UE associates with a BS or a RN as the initial AN according to the channel gain

(large scale fading channel), and the data volume requirement information of each UE will
be collected.

Step 3: NIDD calculation
Calculate the NIDD of the each relay link UE from its effective interfering RN set accord-

ing to (4) for Case 1 and Case 2 respectively.
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Step1: RIM generation

Step5: Interfering RN 
adjustment

Y

The scheme is finished

N

u< ,

Step6: Convergence of the 
scheme is satisfied?

Step2: AN Initialization 

Step3: NIDD calculation

Step4: Large scale SINR 
calculation and UE sorting

Y

tUu ∈

N

Fig. 3 Procedure of the proposed user association scheme

Step 4: Large scale SINR calculation and UE sorting
The large scale SINR of R-UE ui in the RN i is given by

γui = PRNgiui∑
j∈Ri

PRNg jui + N0
, ui ∈ Ui . (5)

A large scale SINR threshold θ is predefined. If γu < θ , it means that the R-UE u suffers a
high interference level, the system should reduce the interference level from the Interfering
RNs to this target R-UE. Then the system sorts the target R-UEs in ascending order in term
of the interference degree of its accessed RN. The set of target R-UEs is defined as Ut .

Step 5: Interfering RN adjustment
If γui < θ, (ui ∈ Ui ), the system finds the interfering RN in the effective interfering RN

set of RN i with the maximum NIDD to R-UE ui , i.e., ĵ = arg max
j∈Ri

N Iu j . Then the system

adjusts one of the R-UEs accessed RN ĵ , which has best large scale channel gain to a BS,
as the D-UE. By this way, the number of R-UEs accessed RN ĵ is reduced by one, and from
the definition of the NIDD in (4) we can see that the n j , m j , min

(
Tj , Tui

)
are decreased.

By doing so, the interference level from RN ĵ to R-UE ui is decreased.
However, we should notice that, if we change the AN of a certain UE from RN to BS, it

would deteriorate the performance of this adjusted UE. Therefore, the adjustment criterion
is proposed to guarantee the performance of the adjusted R-UE, that is, the reduction of the
large scale SINR of the adjusted UE should be within a predefined range. Otherwise, this
R-UE can’t be changed to associate with a BS.
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Step 6: Convergence of the scheme
When the system removes too many R-UEs in a RN, which will reduce the number of

the R-UEs of this RN greatly, the performance of the interfered R-UEs can be improved.
However, the performance of R-UEs originally in this RN may be extremely degraded. In
order to avoid this phenomenon, we restrict that each RN only can have one R-UE to be
removed.

The condition of the end of the proposed scheme is, the set of Ut is empty, or all the
interfering RNs have been adjusted.

6 Performance Simulation and Analysis

The performance of the proposed user association scheme is evaluated by system level simula-
tor. The effectiveness of RIM is verified by two methods in the simulation. The performances
on the average throughput of R-UE, the sector spectrum efficiency, and the user fairness are
presented considering a varying traffic load in each sector.

6.1 Simulation Assumption and Parameters

The system level simulation models in 3GPP for LTE-Advanced are adopted [28]. In the
simulation, cellular sectorization is deployed, i.e., one cell is split into 3 sectors. In the
CRN, there are 19 cells with wrapped-around method. Each cell has one BS, equipped
3 directional sector antennas of 120 degrees, located in the center, and 9 RNs which are
distributed randomly in the cell with omni-directional antennas.

In the downlink transmission, we assume that each user has one application with a constant
data rate, and the data send by the source can be buffered in the BS. The data left in one
transmission frame in the BS will send to the corresponding user in the next frame. The
parameters of the simulation are shown in Table 1.

6.2 RIM Effectiveness Validation

First, we validate the proposed RIM according to the Conclusion 1 and Conclusion 2 given
in this paper. We should proof that, the interference relationship between RNs indicated in
RIM is consistent with the interference status in the practical system. In the simulation, we
use two methods for the validation, one is random sampling method, and another is statistic
comparison method.

6.2.1 Validation by Random Sampling Method

Random sampling method is that, we select a UE randomly and compare the interference
status of the selected UE obtained in the simulation with that of given by the RIM.

We take a snapshot of the system randomly in the simulation, in which, the distribution of
RN and UE is shown in Fig. 4. The pink spot stands for the UE and blue asterisk represents
the RN. In this snapshot, we choose the UE 323 (UE index in the network) randomly, and
then validate the effectiveness of the RIM via the simulation results analysis. The AN of UE
323 is RN 42 (42 is the RN index in the network).

In the RB reuse mode, the neighboring RNs of RN 42 are RN41, RN43, RN145, RN142,
and RN156, which give the large scale interference to RN 42 as shown in Table 2.
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Table 1 Simulation parameters

Parameter Assumption
Cellular layout Hexagonal grid, 19 sites, 3 sectors per site, each cell with 9

RNs located between 0.5 and 0.85 times cell radius

Inter-site distance 500 m

Bandwidth 10 MHz

Number of UE per sector 30

Total BS TX power 46 dBm

Total RN TX power 33 dBm

Noise figure at UE 7 dB

Path loss model L = 124.5 + 37.6log10 R, R is the distance from BS to RN in km

L = 128.1 + 37.6log10 R, R is the distance from BS to UE in km

L = 140.7 + 37.6log10 R, R is the distance from RN to UE in km

Lognormal Shadowing with 8 dB for BS-UE

shadowing standard deviation 10 dB for RN-UE

3.4 dB for BS-UE

Shadowing correlation

Between cells 0.5

Between sectors 1.0

Penetration Loss 20dB for BS-UE 20 dB for RN-UE 0 dB for BS-RN

Antenna pattern (horizontal) (For
3-sector cell sites with fixed
antenna patterns)

A (θ) = − min

[

12
(

θ
θ3d B

)2
, Am

]

θ3d B = 70◦, Am = 20 dB

Fast fading channel model SUI Model

Tx Antenna gain of BS 14 dBi

Tx Antenna gain of RN 5 dBi

Rx Antenna gain of RN 7 dBi

Scheduler Proportional fair

Channel estimation Ideal

If we set the large scale interference threshold as 1.6317 × 10−11, from Table 2 we can
see that the interference from the RN145, RN41, RN43, and RN156 is above this threshold.

The large scale interference level from RNs to UE 323 is present in Table 3. From Table 3,
we can see that, the large scale interference from the neighboring RNs of UE 323 is generating
from RN 145, RN41, RN43, RN156, and RN142.

From Tables 2 and 3 we can conclude that: The large scale interference level of RN 142
is very smaller than other RNs’, so the interference from RN 142 to RN 42 (or UE 323)
can be omitted. It means that, we only need consider the RNs with the interference above
the predefined large scale interference threshold. Therefore, the Conclusion 1 is verified.
Although the value of interference level from neighboring RNs to RN 42 and UE 323 is
different, the descending sequences of interference level of neighboring RNs are the same
for RN 42 and UE 323. So the interfering RNs of an R-UE can be indicated by the interfering
RNs of its accessed RN. The Conclusion 2 is proved.
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Fig. 4 A random snapshot of the system in the simulation

Table 2 Interference RNs of RN 42 in the RB reuse mode

RN index Large scale interference level to RN 42 (W)

145 1.3544 × 10−10

141 6.0260 × 10−11

43 2.0447 × 10−11

156 1.2684 × 10−11

142 1.3548 × 10−13

Table 3 Interference RNs of UE 323 in the RB reuse mode

RN index Large scale interference level to UE 323 (W)

145 2.7872 × 10−11

41 3.7821 × 10−13

43 5.9042 × 10−14

156 1.8919 × 10−14

142 8.1903 × 10−15

In the RB sharing mode there no CCI in the same sector, so we only observe the neighboring
RN 145, RN142 and RN 156 of RN42. The large scale interference from these RNs to RN
42 is shown in Table 4. The large scale interference level from neighboring RNs to UE 323
is shown in Table 5.

From Tables 4 and 5 we can draw the same conclusions as that in the RB reuse mode in
Tables 2 and 3.

By this method, the effectiveness of RIM proposed in this paper is verified.
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Table 4 Interference RNs of RN 42 in the RB sharing mode

RN index Large scale interference level to RN 42 (W)

145 6.0260 × 10−11

142 5.0233 × 10−12

156 8.3544 × 10−13

Table 5 Interference RNs of UE 323 in the RB sharing mode

RN index Large scale interference level to UE 323 (W)

145 2.7872 × 10−11

142 5.2822 × 10−13

156 9.8919 × 10−14

Table 6 Average interference matching level

RB allocation Average interference matching level
RB sharing (Case 1) 0.9854

RB reuse (Case 2) 0.7603

6.2.2 Validation by Statistic Comparison Method

By the RIM, we can obtain the interfering RN set Ri of RN i , and we set the interference
degree of RN i is Ni . In the simulation, we get the set of Ni RNs with largest interference
to ui , which is defined as Rui . If there are Mu elements in the set Rui which are also in
the set Ri , the interference matching level of the UE ui is Mu/Ni . We calculate the average
interference matching level of all the R-UEs, which is used to measure the effectiveness of
the RIM. The larger value of average interference matching level means the RIM is more
effective. The statistic of the average interference matching level is given in Table 6.

Additional, the simulation results in Table 6 shows that the RIM is more effective in Case
1 than that of Case 2. The reason is that, the distance between RNs operating on the same fre-
quency band in the RB reuse mode is smaller than that in the RB sharing mode, the interfering
RN set of a RN may be slight inconformity with interfering RN set of its serving UEs.

By this method, the effectiveness of RIM proposed in this paper is verified as well.

6.3 Performance Comparison

The proposed interference coordination oriented user association scheme is named as ICUA
for short. In the simulation, we use large scale SINR based relay selection (SBRS) and the
SINR based relay selection with soft frequency use (SBRS-SFR) as the compared schemes.
In the SBRS scheme, the UE will access to the AN with best large scale SINR of BS-UE
link and RN-UE link. In the SBRS-SFR scheme, the AN selection is the same as the SBRS,
and the RB allocation of the second time slot is the typical SFR method. The SFR defined
in the relay cellular networks is that: the whole frequency band is B, which is divided into
three parts with equal bandwidth, B1, B2 and B3. In a specific sector, the RN-UE links use
the B1 while in the neighbor sectors the RN-UE links use the B2 (or B3). Therefore, the
R-UEs among neighboring sectors will be allocated the orthogonal RBs, and there is no CCI
between neighboring sectors in the second time slot.
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Fig. 5 R-UE average throughput comparison in Case 1
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Fig. 6 Sector spectrum efficiency comparison in Case 1

The performance of R-UE average throughput, sector spectrum efficiency and user fairness
are evaluated in the simulation. The Raj Jain fairness index [22] is adopted in this paper to
measure the fairness among UEs.

In the simulation, we set the interference level threshold η as −105 dB in Case 1 (−120 dB
in Case 2), and set the large scale SINR threshold θ as 0 dB. The predefined large scale SINR
range of the adjusted UE should be within 2 dB. The performance of the proposed scheme
with varying traffic load is simulated. In downlink, the average data rate from the source to
each UE is 200, 400, 800 Kbits, 1.2 and 1.6 Mbit/s, which changes from the light traffic load
to heavy traffic load in the sector (the average traffic load of each sector is 6, 12, 24, 36, and
48 Mbit/s).

For the RB sharing mode in the second time slot (Case 1), the performance on the R-UE
average throughput, sector spectrum efficiency, and user fairness is given in Figs. 5, 6 and 7.
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Fig. 7 User fairness index comparison in Case 1
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Fig. 8 R-UE average throughput comparison in Case 2

In Fig. 5, with the traffic load increasing, the R-UE average throughput comes to a constant
level since the RB allocated to BS-RN link is fixed which will limit the increase of RN-UE data
rate. As shown in Fig. 6, the growth of the sector spectrum efficiency slows down gradually
with the increase of traffic load. While the user fairness index decreases with increase of
traffic load as shown in Fig. 7, since some of the UEs can’t obtain enough RBs for data
transmission in heavy traffic load.

The simulation results in Figs. 5, 6, and 7 also show that, for R-UEs average throughput
and user fairness, the ICUA has the best performance and the SBRS-SFR has the worst
performance under difference traffic load in the system; all these three schemes nearly have
the same performance on sector spectrum efficiency. The ICUA adjusts the interference level
from the RNs which increases the average throughput of the R-UEs. We should notice that,
in Case 1 the ICUA adjusts some R-UEs to D-UEs which decreases the average throughput
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Fig. 9 Sector spectrum efficiency comparison in Case 2
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Fig. 10 User fairness index comparison in Case 2

of the D-UEs and the sector spectrum efficiency as well. In SBRS-SFR scheme, the CCI in
the second time slot from the RNs of adjacent sectors is eliminated since the RB allocation
for R-UEs is orthogonal among neighbor sectors. However, the transmission power of RN
is much lower than that of BS, the CCI from neighboring RNs is reduced by SFR with the
cost of available RBs for R-UEs in second time slot. In such case, compared with SBRS and
ICUA, SBRS-SFR degrades the throughput of R-UEs and the sector spectrum efficiency.

For the RB reuse mode in the second time slot (Case 2), the performance on the R-UE
average throughput, sector spectrum efficiency, and user fairness is given in Figs. 8, 9 and
10, from which, we can have the same conclusions as Case 1.

Finally, we can have the following conclusions from the simulation results: the ICUA
has a better performance than SBRS-SFR both in the Case 1 and Case 2, and the ICUA has
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a better performance on R-UE average throughput and user fairness than SBRS only with
tiny sector spectrum efficiency loss in the heavy traffic load condition. We can conclude that
ICUA has the best tradeoff between the R-UE throughput and the sector average throughput
for the transparent frame structure.

All the performance (R-UE average throughput, sector spectrum efficiency, and user fair-
ness) of the RB sharing mode (Case 1) outstands that of the RB reuse mode (Case 2). This
is because RB reuse in the case sector leads a high CCI especially when the traffic load is
heavy.

7 Conclusions

In this paper, we propose an interference coordination oriented user association scheme in
CRN. Firstly, we define a relay interference matrix to reduce computational complexity and
control overhead. Then, we analyze the interference probability from interfering RN and R-
UE, based on which, we define the interference duration density of each RN. The proposed
user association scheme considers the interference coordination in frequency-time domain.
The performance of the proposed scheme is verified by simulation and compared with other
relay selection schemes.

The proposed scheme can be extended to the non-transparent frame case in CRN, and also
applied to other relay networks such as wireless sensor network.
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