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Abstract—Relay node cell area is limited by low 

transmission power and limited antenna capabilities 

which may not allow it to carry a significant share of the 

traffic load, thus reducing its efficiency. Cell range 

extension is thus expected to better balance the load in the 

network, hence, improving the performance of relay 

deployments. Herein, we investigate two relay cell range 

extension techniques, introducing a bias to cell selection 

and handover thresholds along with reduction in donor 

enhanced Node B transmission power. The study focuses 

on inband half-duplex relaying where resource 

partitioning among the two relay hops is jointly 

considered with cell range extension. As opposed to 

picocell deployments, extending the relay cell range 

offloads only partially the macrocell as newly admitted 

users increase the resource demand of the relay on its 

wireless backhaul link from its donor enhanced Node B. 

Hence, joint optimization of the decisive parameters for 

different key performance metrics is performed. 

Comprehensive analysis was carried out for both the 

downlink and uplink in urban and suburban scenarios 

within the LTE-Advanced framework. Results reveal that 

the investigated solution yields significant gains. Finally, 
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we discuss on the realization of cell range extension as 

part of network planning and offline optimization. 
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I. INTRODUCTION 

The motive behind choosing relaying as an 
enhancement technology to current radio access networks 
has been well elaborated in the literature. Briefly, relay 
nodes (RNs) increase the network capacity or, 
alternatively, extend the cell coverage area  [1-3]  in a cost 
efficient manner [4-5]  . RNs are characterized by compact 
physical characteristics, low power consumption, and 
flexible deployment stemming from the wireless backhaul 
link, aka relay link.  

In Third Generation Partnership Project (3GPP) 
standardization, Type 1 RNs, supported by Long Term 
Evolution Advanced (LTE-Advanced), are layer 3 access 
nodes which control their own cells. Type 1 RNs have 
own physical cell IDs and include functionalities, such as 
hybrid automatic repeat request retransmission and radio 
resource management  [6]. Besides, Type 1 RNs utilize 
inband relaying mode where the relay link transmissions 
to/from the donor enhanced Node Bs (DeNBs) are time-
division multiplexed with the access link transmissions 
between RNs and user equipments (UEs) lying within 
their coverage areas. 

A.  Problem Definition 

In line with the LTE framework, relay cell coverage is 
conventionally defined according to the received signal 
strength at a UE in the downlink (DL). Hence, the lower 
transmit power of an RN and limited antenna capabilities 
(e.g., lower antenna gain) will result in a smaller RN cell 
coverage area which is populated by a small number of 
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UEs only, and therefore, a lower cell load, relative to that 
of the overlaying DeNB macrocell. That is, the available 
resources in the relay cell may not be fully exploited, 
whereas in the macrocell, the load and, hence, the 
competition for the resources are still high. This leads to 
load imbalances and inefficient resource utilization, and 
consequently degradations in the system performance. 
Added to that, some UEs will connect to the DeNBs, 
though they experience lower path losses towards the 
nearby RNs. Such UEs will transmit in the uplink (UL) at 
higher power levels and, thus, increase inter-cell 
interference levels in the network.  

The aforementioned problems can be tackled by 
expanding the coverage area of small cells. Cell range 
extension (CRE) has been investigated in relay 
deployments with ideal backhaul assumption in [7-8] and 
in picocell deployments in  [9-12] showing significant 
gains. 

B. Contribution 

Most work in the literature on CRE has considered 
picocell deployments  [9-12], particularly focusing on DL 
system performance. In [12], UL system performance 
was also investigated; however, power control (PC) 
optimization, which can significantly affect the resultant 
system performance [13], was not studied.  Further, 
picocells are differentiated by a fixed backhaul link, 
assumingly satisfying the capacity requirements on the 
access link without adding any load on DeNB. On the 
other hand, Type 1 relay deployments are characterized 
by the wireless inband relay link, where RNs and macro-
UEs compete for the same resources at DeNB. For 
instance, handing over a UE from a DeNB to a Type 1 
RN cell requires that the DeNB allocates additional 
resources on the relay link of the RN to serve the UE on 
the two-hop connection. 

In our previous studies  [7-8], two simple and 
practically feasible CRE techniques were investigated 
considering no limitation on the relay link (ideal backhaul 
link); studies [7-8] aimed at showing the maximum 
possible attainable performance from the proposed CRE 
techniques. Therein, CRE was achieved by biasing 
handover and cell selection thresholds towards RNs along 
with reducing transmission powers of DeNBs. A key 
feature of these techniques is their compliance with LTE 

Release 8 (Rel. 8) specifications; legacy UEs can also 
benefit from such techniques.  

This work takes into account the inband relay link 
bottleneck that can arise in two-hop relay 
communications and which significantly affects the end-
to-end performance of relay-UEs. Accordingly, joint 
optimizations of decisive CRE parameters and resource 
allocation are carried out based on different key 
performance metrics. Furthermore, given the significance 
of PC in UL system performance and adapting to new 
interference conditions due to CRE, PC optimization is as 
well jointly performed on all links to achieve the desired 
system performance enhancement.  

A basic analytical framework for CRE is provided and 
system-level simulations were carried out to investigate 
the impact of CRE on the RN performance both in DL 
and UL. Results in urban and suburban scenarios with 
different RN deployments per cell have been produced 
following up-to-date 3GPP evaluation specifications. 
Furthermore, the impact of aligning DL and UL 
parameter settings associated with CRE is investigated. 
Finally, we discuss on realizing CRE as part of network 
planning and offline optimization, and propose the use of 
Taguchi’s method to significantly reduce the network trial 
runs required to optimize the system performance. 

The rest of the paper is organized as follows. Section II 
illustrates the concept and provides basic analytical 
modeling of CRE. In Section III, the system model and 
background knowledge are given. Section IV presents the 
simulation environment. Thereafter, performance 
evaluation and analysis are carried out in Section V. In 
Section VI, we discuss on the realization of CRE. Finally, 
conclusions are drawn in Section VII.  

II. RELAY CELL RANGE EXTENSION 

In what follows, we present a simple analytical 
modeling of cell selection and the concept of CRE. 

A. Cell Selection Modeling 

Cell selection and handover decisions are 
conventionally performed based on periodic 
measurements of the reference signal received power 
(RSRP) si from different access nodes at the UE in DL. A 
UE is then served by the access node having the highest 
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RSRP SRSRP given as: 
 

ii
sS maxargRSRP . (1) 

 

Thus, the cell edge between DeNB and RN will be 
defined by the point where RSRP levels of both are equal; 
here, for simplicity, we assume hysteresis and offset 
values of 0 dB in cell reselection and handover 
procedures [14]. Fig. 1 (a) shows RN and DeNB RSRP 
levels at a UE at different distances from the DeNB.  

To illustrate this concept in more detail, we consider a 
UE between the DeNB and the RN. Then, the cell edge is 
defined by: 
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where PDeNB and PRN refer to DeNB and RN transmission 
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here consider only distance-dependent path losses and 
antenna gains for simplicity. Note though that shadow 
fading is considered in the rest of the paper. Then, 
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where DDeNB and DRN are the distances from the UE to the 
DeNB and the RN, respectively, ( DeNBc , DeNB) and (cRN, 

RN) are path loss constant and path loss exponent 
parameters, and GDeNB and GRN are the DeNB and RN 
antenna gains, respectively. 

From (2) and (3) we solve 
 

.

,

DeNB

RN

DeNB

RN

RN

DeNB

1

DeNBRN
RNRN

DeNB

P
P

G
G

c
cK

KDD
 (4) 

 

Assume DeNB = RN , omni-directional antennas, 
NRN RNs per cell, and a total number NUE of uniformly 
distributed UEs. From (4), it follows that the ratio of RN 
coverage area to that of a DeNB can be given as: 

 
Figure 1: Relay CRE via power reduction and biasing: Received 

power (a) and corresponding coverage (b). 
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Hence, RN and DeNB cell loads can be formulated as: 
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(6) 

where RN
UEN  is the number of UEs served by each RN, 

d and r are the average signal-to-interference-plus-

noise ratio (SINR) on the direct and relay links, 
respectively, and  is a scaling factor accounting for the 
load of in-band RNs, i.e., request of resources on relay 
links at DeNB, to serve their UEs. The value of  is 
defined by the scheduling algorithm. Herein, to illustrate 
the concept of CRE, an example scenario is given where 
the resource allocation at DeNB considers the quality of 

the relay link ( r ) as compared to the direct link ( d ) of 
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UEs served by RNs after RN deployment. Therefore, 
considering that the relay link is better than the direct 
link, the RNs serving their UEs will require a smaller 
number of resources as compared to what such UEs 
required from the DeNB before RN deployment. Note 
that the scaling factor does not take into consideration the 
access link as it is assumed that the relay link will be the 
bottleneck on the two-hop communications. This is 
particularly the case when considering RN deployments 
for coverage enhancement as suggested in LTE Rel. 10. 
Such an example scheduling will relax the competition 
for resources at DeNB as RN cell range is extended. 

It is worth noting the two limits of ,  = 0 and  = 1. 
The former assumes a backhauling where RNs are not 
imposing any load at the DeNB when serving their UEs, 
i.e., communications on backhaul link is carried via fixed 
backhaul link or on out-of-band spectrum. Hence, the 
load of DeNB corresponds to that of its directly served 
UEs on the single hop only. Whereas,  = 1, considers 
that the same amount of resources allocated to the UEs 
before they were handed over to the RNs is now allocated 
to their serving RNs on the relay link, i.e., the load at the 
DeNB after handing over UEs to RNs stays the same as 
compared to the case where these UEs were directly 
served by the DeNB. Note that improvements may still be 
experienced by UEs joining the RN cells, as long as the 
relay link is better than the direct link. 

Equations (1) through (6) illustrate that resource 
utilization efficiency depends on total RN coverage area, 
which in turn depends on RNs’ capabilities, propagation 
conditions, and the number of deployed RNs. A 
combination of DeNB power reduction and biasing in 
favor of RNs in cell selection and handover decisions can 
be utilized to extend the relay cell range and solve the 
problems associated with unbalanced coverage [7-8]. As 
illustrated in Fig. 1 (a) and reflected in Fig. 1 (b), an X 
dB reduction in DeNB transmission power will reflect 
into similar reduction in the UE received signal power 
(from DeNB), thus, increasing RN cell range. Added to 
that Y dB bias in threshold for cell selection and handover 
decisions will further extend RN cell range. 

B. Cell Range Extension Modeling 

To evaluate the impact of biasing and power reduction 
on the coverage area of RNs and consequently the 

performance of relay deployments, we model a reduction 
of DeNB transmission power by X dB and biasing by Y 
dB as a common parameter  which is referred to as the 
extension factor, where  := 10(X+Y)/10. Note that the 
impact of DeNB power reduction on cell selection can be 
modeled as a boost of RN power and thus both 
techniques have the same effect on cell selection when 
applied to all nodes, as given: 
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This will reflect in higher load in extended coverage 
area of an RN cell (denoted by superscript “ext”) and a 
lower load in the reduced DeNB cell range (denoted by 
superscript “red”). The new cell loads can be given as: 
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(8) 

 

Fig. 2 illustrates the change in DeNB load for a wide 
range of values of  in decibels, considering different 
picocell (reflecting fixed backhaul link) and inband RN 
deployments. Results assume the following: Omni-
directional antennas (GDeNB

[dB] = GRN
[dB] = 0 dB) are used 

on direct and access links, example non-line-of-sight 

(NLOS) path loss constant ]dB[
DeNBc = 130 dB, line-of-

sight (LOS) propagation constant [dB]
RNc = 100 dB and 

path loss exponent  = 3, DeNB and RN transmission 
powers of 46 dBm and 30 dBm, respectively, and that the 
relay link is on average 10 dB better than the direct link 
between DeNB and macro-UEs. 

Utilizing default RSRP cell selection, the load of an 
RN cell or picocell is 9% (reflects coverage, assuming 
uniform UE distribution). This changes as  increases and 
consequently the cell ranges of RNs or picocells extend. 
A  significant  decrease in  DeNB   load  is   noticed  when 
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Figure 2: DeNB and RN/picocell loads under different biasing 
and power reduction conditions (modeled by extension factor). 

 
picocells or RNs are deployed. The more the UEs that are 
served by small nodes, the higher the DeNB offloading is. 
Note that inband RN deployments require higher values 
of  compared to picocells to meet a specific load at 
DeNB, due to their demand for resources at DeNB for 
relay link transmissions. 

III. SYSTEM MODEL AND BACKGROUND 

In what follows, we give a brief introduction to the 
LTE background knowledge which is utilized in this work 
and introduce the system model.   

A. Resource Allocation and Scheduling 

An LTE radio frame spans 10 ms and comprises in 
total 10 subframes. We consider frequency division 
duplex (FDD) mode, where UL and DL are exclusively 
allocated 10 MHz bandwidth. Note that DeNBs are able 
to serve their UEs on all subframes. When considering 
the resource allocation strategy defined for inband Type 1 
RNs in [6], however, relay and access link transmissions 
are time-division multiplexed. Thus, data transmission 
gaps are experienced on the access link during relay link 
transmissions. The gaps are realized by configuring 
Multi-Media Broadcast over Single Frequency Network 
(MBSFN) subframes in the DL. The set of MBSFN 
subframes is semi-statically assigned, where a maximum 
of 6 subframes can be configured out of the subframes 1, 
2, 3, 6, 7, and 8 (other subframes contain indispensable 
synchronization and broadcast channels) [15]. On the 
other hand, during backhaul subframes in the UL, the 

relay-UEs are not scheduled. 
In this work, we assume that subframes configured for 

the relay link are assigned exclusively to RNs at DeNB. 
After deciding on the resource partition between the 
direct, access, and relay links, it is important to 
investigate techniques of allocating the available 
resources to the different RNs and then decide on how to 
prioritize relay-UEs at DeNB and decide on how to 
distribute the throughput achievable on the relay link to 
the different relay-UEs on their access links. Herein, we 
adopt the schemes of [16] and [17]. Therein, the fixed 
allocation of resources for the relay link is split between 
the RNs according to the ratio of UEs each RN serves to 
the total number of relay-UEs in the cell. Besides, the 
distribution of RN throughput on the relay link to relay-
UEs on the access link is done with a max-min fairness 
scheduling and prioritization scheme which aims to 
maximize the minimum UE throughput in the cell. 
Consequently, this will increase the end-to-end 
throughput levels at the low throughput regime at the 
expense of degradation at the high throughput regime. On 
the direct link, a resource-fair round robin scheduler is 
utilized to schedule macro-UEs. A full frequency reuse 
scheme is considered in the network. 

B. LTE Compliant UL Open-Loop Power Control 

The main task of PC mechanisms is to compensate the 
long-term channel variations and to limit the amount of 
generated inter-cell interference [18-19]. Besides, the 
receiver dynamic range of DeNBs and RNs can be kept 
below an acceptable level via PC [13]. Herein, fractional 
PC (FPC)  [20] is used on UL to set the UE and RN 
transmit powers. Accordingly, the transmit power of a 
UE or RN that employs FPC, is given as: 

 

dBm}log10,min{ 100max LMPPP  (9) 
 

In this equation, 

 Pmax is the maximum allowed transmit power which has 
an upper limit of 23 dBm for UE power class 3 and 
30 dBm for RNs [6], 

 P0 is the power offset which is used for controlling the 
received signal-to-noise-ratio (SNR) target, and it can 
be set from -126 dBm to Pmax with a step size of 1 dB, 

  is a cell-specific path loss compensation factor that 
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can be set to 0.0 and from 0.4 to 1.0 with a step size of 
0.1. For =1 in (9), path loss is fully compensated; 
scheme is called full compensation PC (FCPC). FCPC 
improves cell-edge user performance at the cost of 
increased inter-cell interference. Yet, interference can 
be reduced by setting <1, i.e., FPC, however, at the 
cost of penalizing the cell-edge performance. 

 L  is the DL path loss estimate, and 
 M is the number of physical resource blocks (PRBs) 
allocated to the UE or RN. 

IV. SIMULATION MODEL AND PARAMETERS 

The simulated network is represented by a hexagonal 
cellular layout with 19 tri-sectored sites, i.e., 57 cells in 
total. RNs are regularly deployed at the sector borders 
(4 RNs or 10 RNs per sector) [Fig. 4, 21]. Simulation 
parameters and channel models follow the latest 
parameter settings agreed in 3GPP  [6] and are 
summarized in Table 1. 

Indoor users are assumed, where 25 uniformly 
distributed UEs are dropped per sector, and full buffer 
traffic model is applied. In total, 250 user drops are 
simulated using a Matlab-based system-level semi-static 
simulator. The results are collected from the inner most 
sector only, to ensure proper modeling of interference 
(i.e., two tiers of tri-sector sites). The number of user 
drops (or snap-shots) is selected to be large enough such 
that the difference between repeated runs is ignorable. 
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(10) 

 The SINR to link throughput mapping is carried out by 
the approximation given in (10), where the mapping is 
adapted to LTE specifications. The approximation is 
based on Shannon’s capacity formula adjusted by the two 
parameters, bandwidth and SINR efficiencies which are 
denoted by Beff and, Aeff, respectively, [22] and given in 
Table 1. Further, a minimum SINR level SINRmin = -7 dB 
is considered, below which data detection is not possible. 
This limit is introduced due to control channel 
requirements. In (10), R is the per-PRB throughput, BW 
is the bandwidth per PRB, SEmax is the maximum spectral 
efficiency depending on the highest modulation and 

coding scheme (MCS) for a given SINRmax and SF is a 
scaling factor accounting for LTE DL/UL overhead.  

Biasing and power reduction parameters are limited to 
7 dB and 10 dB, respectively, to avoid that UEs with very 
high path loss, e.g., due to deep indoor penetration, (not 
captured in simulation) fall into outage. 

TABLE 1.  SIMULATION PARAMETERS 

Parameter Value 
System Parameters 

Bandwidth 10 MHz 
Number of PRBs (DL / UL) 50 / 48 

Highest MCS 64-QAM, R = 9/10 
Penetration Loss 20 dB on DeNB-UE and RN-UE links 

Bandwidth Efficiency 0.88 
SINR Efficiency 1/1.25 

Thermal Noise PSD -174 dBm/Hz 
SINR lower bound SINRmin -7 dB 

Overhead Scaling SF: DL/UL 0.74/0.75 

eNB/DeNB Parameters 
Transmit Power 46 dBm 

Maximum Antenna Gain 14 dBi 
Antenna Configuration 2 Transmit & 2 Receive Antennas 

Noise Figure 5 dB 

Antenna Pattern (Horizontal) 
- 3dB)2, Am] 

3dB = 70o and Am = 25 dB 

UE Parameters 
Maximum Transmit Power 23 dBm 

Antenna Configuration 1 Transmit & 2 Receive Antennas 
Noise Figure 9 dB 

RN Parameters 
Relay Site Planning Considered via higher probability of 

LOS and 5 dB bonus on NLOS 
Transmit Power 30 dBm 

Antenna Configuration 2 Transmit & 2 Receive Antennas 

Maximum Antenna Gain 
(Relay Link) 

7 dBi 

Maximum Antenna Gain 
(Access Link) 

5 dBi 

Relay Link Antenna Pattern 
(Horizontal) 

- 3dB)2, Am] 

3dB = 70o and Am = 20 dB 

Access Link Antenna Pattern Omni-directional 
Noise Figure 5 dB 

Log-normal Shadowing 

Standard Deviation 
8 dB on the direct link 

10 dB on the access link 

6 dB on the relay link 

De-correlation Distance 50 m 

Correlation Factor 0.5 between sites 
1 between sectors 
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V. PERFORMANCE EVALUATION AND ANALYSIS 

Optimizing the performance requires a proper selection 
of the biasing parameter, power reduction parameter and 
the number of backhaul subframes. In this section, CRE 
is investigated for 4-RN and 10-RN deployments in 
urban and suburban scenarios. Its impact on the UE 
SINR distribution is first studied. Thereafter, key 
performance indicators (KPIs) are defined and their 
impact on throughput is investigated. Finally, we discuss 
on the limitations of aligning UL and DL settings. We 
note that the backhaul subframe configurations for the 
case of no CRE are taken from studies in [16-17]. 

Due to paper length limitations, illustration of the 
impact of CRE on SINR and throughput cumulative 
distributions will be provided in 4-RN deployments only, 
whereas a summary of throughput gains will be given for 
4-RN and 10-RN deployments. 

A. Performance Evaluation and Analysis 

Fig. 3 illustrates the increase in total RN coverage area 
for different extension factors. A fast expansion in 
coverage area versus increasing extension factors is 
experienced in both deployments in urban scenarios. 
However, a low increase is noticed in suburban scenarios. 
For example, a 10 dB extension factor adds about 22% of 
the cell area to RN coverage in a 4-RN deployment in 
urban scenarios, whereas it adds a mere 6.5% in 
suburban scenarios. Note that the total RN coverage area 
defines the percentage of UEs served by RNs considering 
a uniform distribution of users. 

Such behavior is explained by the different 
characteristics of the propagation models in both 
scenarios. It is worth noting that deploying 10 RNs per 
sector instead of 4 RNs does not increase the RN 
coverage area proportionally. This is due to the overlap 
of RN cells and the fact that the second tier of RNs is 
deployed closer to the DeNB (10 RNs are deployed in 
two tiers at the cell edge, each of 5 RNs [1]). 

B.  SINR Evaluation 

1) Urban Scenarios 

Urban scenarios with relatively short inter-site distance 
(ISD) of 500 m are mostly limited by interference.  The  
interference    on    macro-UEs   is    ye t   to   increase  by  

 
Figure 3: Extension of total RN coverage area versus 
extension factor in urban and suburban scenarios. 

 
deploying RNs. However, the degradation in DL SINR 
noticed in 4-RN deployments when compared to that in 
eNB-only deployments, see Fig. 4, is attributed to low 
signal strength on the access link of relay-UEs and the 
high interference from neighboring DeNBs. 

The SINR distribution is further degraded when 
biasing cell selection and handover thresholds. Handing 
over cell-edge macro-UEs to RNs results directly in 
severe degradation in SINR values and leads to outage 
for biasing values as of 7 dB. Such behavior is a result of 
embracing UEs into the RN cell, while they suffer from 
DeNB interference that is higher than that of the signal 
from their own serving RN cell. 

This is, however, not the case when considering DeNB 
transmission power reduction. In fact, a 10 dB reduction 
significantly improves the SINR distribution. This is 
attributed to two reasons. First, power reduction 
translates into lower interference levels on relay-UEs; 
note that RNs still transmit at the same power level. 
Second, UEs joining the RN cell were cell-edge UEs  with 
SINR around the 0 dB level, and, hence, lowering the 
interference on them by 10 dB and handing them over to 
an RN with good signal will significantly improve their 
experienced SINR levels. 

Combining both range extension techniques results in 
degradation of the SINR distribution at low levels, 
whereas the improvement due to power reduction is still 
experienced at the higher percentiles of the SINR 
distribution. The  degradation  is due  to  biasing the cell  
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Figure 4: Distribution of DL SINR in urban scenarios. 

 
selection thresholds. This corresponds to 7 dB biasing 
and 10 dB power reduction in the plot. 

Next, we consider the impact of the CRE on the SINR 
distributions in UL. As mentioned before, open-loop PC 
is crucial for a proper performance enhancement. Thus, 
following the PC optimization methodology presented in 
[13], the cell coverage-oriented setting based on FCPC 

extension factor value in relay 
deployments, and the cell-capacity oriented setting is 
applied in the eNB-only deployment. The corresponding 
SINR cumulative distribution functions (CDFs) of 4-RN 
deployments are depicted in Fig. 5. The performance of 
macro-UEs is improved due to increased P0 and limited 
transmit powers of relay-UEs. Nevertheless, the SINR 
values of the cell-center macro-UEs are degraded because 
of interference from close-by relay-UEs. This effect can 
be well observed on the high SINR regime which is 
deteriorated. On the other hand, low SINR regime is 
determined by relay-UEs. As extension factor increases 
and, thus, previous cell-edge macro-UEs become newly 
admitted relay-UEs, the interference imposed by such 
macro-UEs on the RN cells is eliminated. Therefore, the 
SINR values at low percentiles increase. 
 
2) Suburban Scenarios 

As opposed to the interference-limitation of urban 
scenarios, suburban scenarios are typically coverage 
limited with large ISDs of 1732 m. Hence, deploying 
RNs means that UEs will experience a better signal 
strength to the serving access node and improve their 
SINR levels. This is illustrated in the 4-RN deployment 
SINR  CDF  plot  with no CRE in Fig. 6. When applying 
 

 
Figure 5: Distribution of UL SINR in urban scenarios. 

 
CRE via biasing, UEs suffer from worse SINR levels 
especially at low percentiles of the CDF. However, when 
reducing DeNB transmission power degradation is seen at 
low percentiles of the CDF and improvements are noticed 
at high percentiles. This is attributed to that fact that 
coverage-limited macro-UEs are directly affected by the 
power reduction thus lowering their experienced SINR 
levels, whereas relay-UEs experience lower interfering 
signals and hence better SINR levels. Combining further 
biasing and power reduction degrades the performance. 

For UL SINR distributions the trade-off setting based 
 = 0.6) found in [13] is applied in the suburban 

 
 

 
Figure 6: Distribution of DL SINR in suburban scenarios. 
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scenarios and corresponding SINR CDFs are plotted in 
Fig. 7. First, it is seen that, similar to DL, SINR values 
increase significantly when RNs are deployed. This is a 
direct consequence of the coverage limitation where the 
radio distance to the access nodes is substantially 
decreased by RN deployment. On the other hand, in 
contrast to DL, the impact of CRE on the SINR 
distributions of relay deployments is less pronounced in 
UL. Even with 17 dB extension factor, a slight 
degradation is observed on the low SINR regime (see 
Fig. 7). This is due to the fact that PC can effectively 
compensate the path loss thanks to reduced distance, and 
that low interference levels are experienced. 

C. Throughput Evaluation 

Throughput gains are given hereafter as relative gains 
over the reference eNB-only deployment. 
 

1) Key Performance Indicators 

Three KPIs defined in 3GPP LTE-Advanced 
evaluation metrics, namely, mean UE throughput, 5%-ile 
throughput CDF level and 50%-ile throughput CDF level 
are used for optimization [6]. The 5%-ile level reflects the 
performance of the worst UEs in the system reflecting the 
cell coverage, whereas the 50%-ile level defines the 
median throughput. The mean UE throughput in a cell is 
defined as the average throughput of all UEs served 
directly by the DeNB or via RNs. Hereafter, we define: 

 K1: achieved 5%-ile throughput CDF level; 
 K2: achieved 50%-ile throughput CDF level; 
 K3: mean UE throughput. 

 

2) Performance in Urban Scenarios 

CRE is first analyzed in DL. Fig. 8 shows the 
distributions of the UE throughputs in 4-RN urban 
scenarios with different CRE settings. It is noticed that in 
contrast to SINR behavior, herein a significant gain in 
UE throughput is experienced. The cell-edge UEs which 
suffered from interference before are then served via RNs 
with good signal qualities, abundance of resources, and a 
good relay link quality. Adding RNs further relaxes the 
competition for resources at the DeNB thus boosting the 
performance of macro-UEs as well. 

When optimizing K1, the gain at the 5%-ile rises from 
60% for the case  of  no  CRE  to  140%  when  applying 
 

 
Figure 7: Distribution of UL SINR in suburban scenarios. 

 

10 dB power reduction and 1 dB biasing. The 
corresponding gains in mean UE throughput are 35% and 
55%, respectively. Gains at the 50%-ile throughput CDF 
levels are, however, minimal. Nevertheless, this changes 
when using K2 as optimization metric. Then, a significant 
gain of 91% is achieved at the 50%-ile level as compared 
to 56% for the case of no CRE. Gains at the 5%-ile level 
and mean UE throughput are 88% and 56%, respectively. 
The latter KPI achieves better 50%-ile gain at the 
expense of lower coverage performance, though still 
notably higher than that of the case of no CRE. That is, 
the RN cell range is not extended as much as in case of 
K1 to keep the competition low for resources at the RNs. 
Similarly, optimizing K3, a gain of 63% is achieved in 
mean UE throughput. The settings for the 3 KPIs are 
summarized in Table 2 for the DL scenarios considering 
‘DL-defined settings’. 

 

 
Figure 8: UE throughput distribution considering different 

KPIs in DL of 4-RN urban scenarios. 
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TABLE 2.  BEST PARAMETER SETTINGS IN URBAN 
SCENARIOS BASED ON EXHAUSTIVE SEARCH APPROACH 

Scenario KPI 
Backhaul 

Subframes 

Bias 

[dB] 

Power 

Reduction 

[dB] 

UL PC 

P0
macroUE 

[dBm] 

DL- 

defined 

Settings 

4 

RNs 

 3 1 10 -93 
 4 0 8 -87 
 4 7 10 -87 

10 

RNs 

 5 2 10 -91 
 6 0 9 -87 
 5 7 10 -87 

UL- 

defined 

settings 

4 

RNs 

 3 1 8 -93 
 5 5 10 -87 
 5 5 10 -87 

10 

RNs 

 4 1 5 -91 
 5 0 6 -87 
 5 3 9 -87 

 

 
Figure 9: Achieved DL gains of RN deployments with/without 

CRE in 4-RN and 10-RN urban scenarios. 
 
Similar behavior is experienced in the DL of 10-RN 

deployments in urban scenarios as shown in Fig. 9, which 
summarizes the gains at the 5%-ile CDF level, 50%-ile 
CDF level and mean UE throughput considering no CRE 
and the cases where K1, K2, and K3 are used. 

The UL performance is analyzed next. The PC 
optimization strategy presented in [13] is taken as a basis. 
In particular, the cell coverage-oriented setting based on 

cell capacity-oriented setting is applied in the eNB-only 
deployment. Besides, in case of CRE, a parameter sweep 
is applied for P0 values of macro-UEs (P0

macroUE) for each 
extension factor value and different number of backhaul 
subframes. The optimum parameter configurations, 
which maximize a given KPI, are then determined. The 

UE throughput CDF plots for 4-RN deployments are 
depicted in Fig. 10. A clear enhancement over eNB-only 
deployment is observed when RNs are deployed (no 
CRE). The performance of relay deployments can be 
further enhanced, e.g., from 125% without CRE to 213% 
at the 5%-ile CDF level, when CRE with K1 is utilized. 
The throughput performance at higher CDF percentiles 
can be improved at the cost of reduced 5%-ile throughput 
performance when either K2 or K3 is used. The 
throughput gains achieved by CRE in UL are due to 
increased SINR values along with the less competition for 
the resources. 

The optimum parameter configurations for different 
deployments and KPIs are tabulated in Table 2 under 
‘UL-defined settings’. Note that in Table 2 the extension 
factor values found for UL are decomposed into the 
corresponding  optimum  DL bias  and  power reduction 

 

 
Figure 10: UE throughput distribution considering different 

KPIs in UL of 4-RN urban scenarios. 
 

 
Figure 11: Achieved UL gains of RN deployments 

with/without CRE in 4-RN and 10-RN urban scenarios. 
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values. We further note that for the given ‘DL-defined 
settings’ the aforementioned PC optimization is also 
performed, and the optimum P0

macroUE values are as well 
tabulated. In addition, the gains at the 5%-ile CDF level, 
50%-ile CDF level, and mean UE throughput for different 
cases are summarized in Fig. 11. It is also observed that 
CRE can yield higher gains in 10-RN deployment 
compared to 4-RN deployment. Besides, a higher number 
of backhaul subframes is required when CRE is applied 
due to the larger number of relay-UEs. 
 

3) Performance in Suburban Scenarios 

   Performance evaluation is first analyzed in DL. As can 
be seen in Fig. 12, contrary to urban scenarios, gains 
from CRE are moderate. This is due to two reasons. 
First, the increase in the load is small in suburban 
scenarios (see Fig. 3). Second, DeNB transmission power 
reduction penalizes the coverage of macro-UEs in such 
coverage-limited scenarios (see Fig. 6).  

Each optimization comes yet as a tradeoff between the 
metrics, as shown in Fig. 13 which provides a 
comprehensive summary of the achieved gains in 4-RN 
and 10-RN suburban deployments. This is especially true 
for both K2 and K3 as they severely penalize the possible 
achievable gains at the 5%-ile throughput CDF level, as 
shown as well in Fig. 12. The corresponding CRE 
settings are given in Table 3, where it is seen that biasing 
is preferred over power reduction as a CRE technique. 
Moreover, backhaul subframe allocation relates to the 
optimization factor where K2 and K3 tend to require 
more backhaul subframe allocation for RNs to improve 
the high throughput regime. 

 

 
Figure 12: UE throughput distribution considering different 

KPIs in DL of 4-RN suburban scenarios. 

 

 
Figure 13: Achieved DL gains of RN deployments with/without 

CRE in 4-RN and 10-RN suburban scenarios. 

TABLE 3.  BEST PARAMETER SETTINGS IN SUBURBAN 
SCENARIOS BASED ON EXHAUSTIVE SEARCH APPROACH 

Scenario KPI 
Backhaul 

Subframes 

Bias 

[dB] 

Power 

Reduction 

[dB] 

UL PC 

P0
macroUE 

[dBm] 

DL- 

defined 

Settings 

4 

RNs 

 4 7 0 -65 
 5 7 0 -57 
 6 7 2 -53 

10 

RNs 

 6 4 2 -61 
 6 1 0 -55 
 6 7 0 -53 

UL- 

defined 

settings 

4 

RNs 

 4 7 5 -65 
 6 6 0 -55 
 6 7 10 -53 

10 

RNs 

 6 4 2 -61 
 6 0 0 -55 
 6 3 0 -53 

 
For the UL performance analysis, PC optimization 

strategy as presented for urban scenarios is also applied 
for the suburban scenarios where the trade-off setting 

-only and relay 
deployments [13]. The optimum parameter 
configurations, which maximize a given KPI, are then 
determined. The UE throughput CDF plots for 4-RN 
deployment are depicted in Fig. 14 taking different KPIs 
and no CRE into account. We first notice the significant 
performance enhancement over the eNB-only deployment 
after RNs are deployed. This behavior justifies that RN 
deployments can effectively cope with the coverage issues 
due to large ISD. Second, it can be seen that CRE with 
K1 increases the performance at low to mid throughput 
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levels at the cost of marginal performance degradation at 
high throughput regime. Moreover, CRE with K1 and K2 
can significantly enhance the performance at higher 
throughput levels; however, substantial performance 
degradation is observed at low throughput regime. 

The optimum parameter configurations for different 
cases are tabulated in Table 3 under ‘UL-defined 
settings’ where the extension factor values found for UL 
are decomposed into the corresponding optimum DL bias 
and power reduction values. Furthermore, for the given 
‘DL-defined settings’ the aforementioned PC optimization 
is performed and the optimum P0

macroUE values are as well 
tabulated. In Fig. 15, gains are summarized for 4-RN and 
10-RN deployments. It is seen that, in contrast to urban 
scenarios, CRE yields lower gains in 10-RN deployment 
compared to 4-RN deployment. Besides, the impact of 
CRE is less pronounced in suburban scenarios. 

 

 
Figure 14: UE throughput distribution considering different 

KPIs in UL of 4-RN suburban scenarios. 

 
Figure 15: Achieved UL gains of RN deployments with/without 

CRE in 4-RN and 10-RN suburban scenarios. 

4) DL-UL Parameter Alignment Considerations 

The 3GPP LTE specifications impose limitations on 
the optimization of the CRE study. Specifically, the cell 
selection (power reduction and biasing parameter values) 
and the number of configured backhaul subframes, need 
to be aligned in the DL and UL, such that a UE is 
connected to the same access nodes (DeNB or RN) both 
in UL and DL, and the same subframe configuration is 
utilized. As the optimum CRE settings are different for 
DL and UL, two cases appear according to whether the 
DL or UL is prioritized. 

In the case where the UL performance is to be 
prioritized, the optimal settings in the UL are to be 
configured on the DL as well, though they might not 
provide optimum performance on the DL. This is well 
illustrated in Table 4, where, for each scenario, the gains 
when confining parameter values according to the UL-
defined settings (optimum in UL) are presented; the 
tabulated gains are given in terms of achieved absolute 
gains relative to the eNB-only deployment. It is noticed 
that non-optimum settings still achieve notable gains in 
the DL in urban scenarios, specifically on the 5%-ile 
throughput CDF level. On the other hand, in suburban 
scenarios, UL-defined settings shift the DL into a worse 
performance or marginalize any gain from CRE 
compared to the RN deployments without CRE. 

 

TABLE 4.  DL THROUGHPUT GAINS WITH RESPECT TO 
ENB-ONLY SCENARIO IN UL-DEFINED SETTINGS 

UL-defined 

Setting 
KPI 

5%-ile 

Gain 

[%] 

50%-ile 

Gain 

[%] 

Mean 

Gain  

[%] 

DL 

Urban 

Scenario 

4 

RNs 

 127 69 54 
 93 86 61 
 93 86 61 

10 

RNs 

 172 76 63 
 119 100 64 
 203 84 72 

DL 

Suburban 

Scenario 

4 

RNs 

 87 63 50 
 48 64 59 
 -3 74 53 

10 

RNs 

 239 78 68 
 218 86 67 
 231 81 68 
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TABLE 5.  UL THROUGHPUT GAINS WITH RESPECT TO 
ENB-ONLY SCENARIO IN DL-DEFINED SETTINGS 

DL-defined Setting KPI 
5%-ile 

Gain 

[%] 

50%-ile 

Gain 

[%] 

Mean 

Gain 

[%] 

UL 

Urban 

Scenario 

4 RNs 
 208 55 47 
 152 83 71 
 175 80 69 

10 RNs 
 241 93 78 
 163 100 79 
 220 83 83 

UL 

Suburban 

Scenario 

4 RNs 
 469 115 48 
 87 201 106 
 9 210 114 

10 RNs 
 1821 194 107 
 616 217 129 
 616 199 131 

 
Similarly, considering a deployment scenario where DL 

performance is to be prioritized, optimum DL-defined 
settings, given in Table 2 and Table 3 should be 
considered in the UL. Gains achieved when confining 
parameter values according to DL-defined settings are 
given in Table 5. Note again that the tabulated gains are 
given in terms of achieved gains relative to the eNB-only 
deployment. Accordingly, it is observed that although 
sub-optimum DL-defined settings yield a decrease in 
some of the considered gains, good gains are still 
achievable compared to the RN deployments without 
CRE in urban and 4-RN suburban scenarios. However, 
DL-defined settings marginalize the achieved gains from 
CRE in 10-RN suburban deployments compared to the 
RN deployments without CRE. 

VI. REALIZATION CONSIDERATIONS 

The above study requires a joint optimization of three 
parameters, namely, power reduction value, biasing value 
and number of backhaul subframes. Assuming power 
reductions up to 10 dB, biasing up to 7 dB, and up to 6 
backhaul subframes with granularity of 1 unit for each 
parameter, a comprehensive brute-force approach to 
performance optimization would require 528 network 
trial runs in DL. On the other hand, in UL such number 
of network trials significantly increases due to PC 
optimization. Namely, up to 17 dB extension factor and 
up to 6 backhaul subframes along with 31 values for 
P0

macroUE with ranges of [-157,-127] dB (FCPC, Case 1) 

and [-106,-76] dB (FPC, Case 3) require 3348 network 
trials in a brute-force approach. This may prove time 
exhausting and costly to operators. In this context, 
Taguchi’s method can be used to automate the 
optimization and significantly reduce network trial runs 
required during network planning or offline optimization 
[23-24]. Taguchi’s method uses a nearly orthogonal array 
to select a reduced set of parameter combinations to be 
tested from the full search space. The number of selected 
combinations determines the number of network trials 
being carried out and evaluated against a performance 
measure. Using all the trials' results, a candidate solution 
is found, and the process is repeated till a desired 
criterion is fulfilled. Such an approach was used in [23] 
to optimize PC and antenna parameters in heterogeneous 
eNB-only deployment and as well in [24] to jointly 
optimize the power control parameters on the different 
links of relay deployments in the UL.  

Considering a nearly orthogonal array consisting of 9 
experiments for DL and 18 experiments for UL, we 
optimize the 5%-ile and 50%-ile throughput CDF levels 
of 4-RN and 10-RN urban deployments in the DL. The 
corresponding convergence curves along with the maximum 
achievable gains obtained via brute-force optimization are 
depicted in Fig. 16. It is seen that the performance of 10-
RN deployments converges to the maximum achievable 
value after three iterations, corresponding to 27 network 
trials; that is 5% of the total iterations required by a 
brute-force approach. Similar behavior is noticed for the 
4-RN deployment with convergence occurring at the fifth 
iteration, i.e., 45 network trial runs, or 8.5% of the total 
network trial runs done in a brute-force approach. Note 
as well that the result of the first iteration is already very 
close to the optimum in the case of optimizing the 50%-
ile throughput CDF level and, thus, may be used to 
significantly limit the network trials. 

Similar behavior is seen in the UL where Taguchi’s 
method has been used. Fig. 17 shows the convergence of 
the technique along with the brute-force optimized values 
which show the maximum achievable throughput gains 
with respect to the eNB-only scenario. Investigating the 
10-RN deployment, the performance converges to the 
maximum achievable gain in three iterations, i.e., 54  
network  trial runs.  Similarly, for the  4-RN deployment, 
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Figure 16: Convergence of Taguchi’s method in optimizing the 
5%-ile and 50%-ile throughput CDF levels in 4-RN and 10-RN 

urban deployments in DL. 
 

the throughput gain value starts converging closely to the 
brute-force optimization performance at the second 
iteration and converges to a single value very close to it at 
the fifth iteration, when the 5%-ile throughput CDF level 
is used as a performance metric. Moreover, for 50%-ile 
performance optimization, at the fifth iteration, the value 
converges very close to the maximum achievable value. 
Consequently, via Taguchi’s method nearly optimum 
values are achieved in less than 3% of the total network 
trial runs needed in the brute-force optimization. 

VII. CONCLUSION 

In this work, we have presented a thorough study on 
CRE in inband half-duplex relay deployments studying 
the impact on both UL and DL performances when 
deploying 4 and 10 RNs in urban and suburban 
scenarios. Parameter optimizations are carried out 
considering different performance metrics within the 
LTE-Advanced framework. 

Results show significant gains in urban scenarios in 
both DL and UL. Besides, different performance metrics 
are used to enable trade-offs between low, mean and 
high throughput regimes. Further, marginal gains are 
observed in the DL of suburban scenarios and UL of 10-
RN suburban scenario, whereas good gains are achieved 
in UL of 4-RN suburban deployments. 

The limitations of UL and DL parameter 
configuration alignment were highlighted as well. It has 
been     illustrated     that    after     aligning    parameter  

 
Figure 17: Convergence of Taguchi’s method in optimizing the 
5%-ile and 50%-ile throughput CDF levels in 4-RN and 10-RN 

urban deployments in UL. 
 

configurations in UL and DL, CRE still brings notable 
gains in the DL of urban scenarios and in both urban 
and suburban scenarios in the UL; CRE in such a case 
brings no gains or penalize DL performance in suburban 
scenarios. In addition, Taguchi’s method was shown to 
be an efficient way of determining suitable CRE 
parameters during network planning phases and offline 
optimization. 
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