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Abstract
In orthogonal frequency division multiple access networks buffer aided non-transparent in-
band half duplex decode and forward relay nodes aim to improve coverage and capacity 
under fairness considerations. Existing centralized radio resource management and inter 
cell interference coordination schemes achieve these goals at the cost of heavy signalling 
overhead. Especially for frequency division duplex downlink transmission this is an criti-
cal issue. Fully decentralized schemes often focus on different types of frequency reuse 
schemes with less amount of necessary feedback. Here, it is often overseen that in a practi-
cal deployment, the backhaul link quality is the bottleneck of the two hop transmission 
and needs to be taken into account. Moreover, it is often modelled way too optimistic and 
necessary co-scheduling with single hop UE further limits the possible data rate. In order 
to minimize the required overhead this work proposes a hybrid radio resource management 
(RRM) scheme. The RRM includes synchronous adapted two-hop proportional frequency 
selective resource scheduling as the decentralized part. Asynchronous subband power allo-
cation scheme with very limited feedback is proposed to maximize the wireless backhaul 
link quality with no loss for single hop UE. Comprehensive system level simulation results 
show stable fairness and throughput when minimizing the required feedback and improve-
ments for the backhaul links based on the centralized adapted power allocation including 
no losses in the overall system. In addition possible energy savings for the shared channel 
are presented when applying the proposed scheme.
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1  Introduction

During the last decade academia and the industry have paid a lot of attention on the 
improvement of the system capacity of mobile networks. One possibility to satisfy the 
ever growing data demand and increase capacity is to densify the network, using differ-
ent kind of small cells also known as heterogeneous networks [1]. Besides pico and femto 
cells, relay node (RN)s have been introduced to mobile networks, to improve coverage and 
capacity. The difference with RNs is that they are backhauled by a wireless link and there-
fore they might be an attractive alternative to wired backhauled pico cells [2] for operators 
to deploy because of reasonable capital expenditure (CAPEX) and operational expendi-
tures (OPEX). Different kinds of RNs have been designed and standardized in recent years 
[3, 4] in third generation partnership project (3GPP) and will be further investigated in an 
upcoming study item defined as integrated access and backhaul (IAB) [5]. In general, such 
node types introduce a challenging research topic, primarily how to handle and allocate 
the available radio resources in the most efficient way and thus, how to gain the most from 
additional nodes in the mobile network. Those relay node (RNs) operating in half duplex 
mode suffer from a loss in transmission time. Sophisticated means of resource allocation 
have to be designed to overcome this problem and therefore, to maximize the spectral effi-
ciency of the two hop links. Therefore, different targets for the radio resource management 
approaches have been identified, such as the maximization of spectral efficiency, fairness, 
interference mitigation, energy awareness, queueing and quality of service (QoS). Further-
more, the main challenge in designing RRM algorithms for relay extended systems is that 
typically an optimal solution requires prohibitively exhaustive solution search, with com-
plexity of O((MK)N) , where M, K and N represent the number of RNs, macro base sta-
tion (MBS)s, and subchannels, respectively . Various RRM strategies related to the afore-
mentioned targets for all kind of RN types have been intensively studied in the past years. 
Excellent surveys can be found in the literature summarizing the current state of the art and 
reveal unsolved challenges [6–9].

Different types of relay nodes, such as amplify and forward, decode and forward or 
self-backhauling RNs require different design principles of RRM schemes. It is of para-
mount importance for the design of RRM algorithms, to consider the underlying system 
assumptions.

For instance, Lee et al. conclude in [9], after an extensive literature search that, to date it 
remains a challenging task to design resource allocation schemes for LTE/LTE-A multihop 
networks with low complexity, while simultaneously excelling in aspects such as interfer-
ence mitigation, resource utilization and global fairness. A comprehensive classification of 
RRM schemes for heterogeneous networks is done by the authors. An excellent overview 
of research problems in heterogeneous networks is given. Most of the considered schemes 
comes with the burden of heavily increased channel state information (CSI) feedback 
exchange, which introduces increased control traffic exchange among MBSs and additional 
signalling on the RN wireless backhaul (BH) links for the RNs [9]. By now, existing work 
fails to consider all constraints of a practical RN extended system, where only low com-
plexity schemes can be applied not exceeding necessary CSI feedback exchange, especially 
for FDD downlink transmissions.

For instance, the authors in [10] consider a joint BH and access optimization for a cen-
tralized radio access network (C-RAN) time division duplex (TDD) system. They assume 
to have a system-wide channel knowledge at the central C-RAN control entity. Therefore 
the MBSs need to send huge amount of collected CSI information to the C-RAN central 
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entity. Besides that, it is assumed that the MBSs only serve RNs, while no MBS user equip-
ment (UE)s are considered in an ultra dense network. Especially in the half duplex mode 
only UEs with bad supportable rate of the direct link might gain from the two hop links 
compared to single hop connections. In [11] a cell centralized scheme is proposed which 
adjusts the time ratio between BH and access links (AL)s to counteract on the different 
channel states of both. This improves fairness and system throughput. However, they only 
consider one macro cell and thus do not consider inter MBS interference. They assume 
full flexibility of switching between transmit and receive time slots which is impractical. 
Further, they do not adapt the transmission power for BH improvement. Liu et al. propose 
a joint resource and power allocation optimization for downlink in [12]. They assume that 
there is no direct transmission between MBS and MSs. Further, they additionally take into 
account only slowly varying radio channels to receive accurate feedback to be able to cal-
culate a near optimal power and subcarrier allocation for each slot, which is an impractical 
solution. In [13] a simple resource allocation algorithm is suggested to maximize cell aver-
age throughput and cell edge performance. However, no fast fading and therefore perfect 
channel knowledge is considered. Furthermore, no fairness or energy efficient transmission 
is considered. Jeon et al. [14] propose a distributed non-cooperative game resource alloca-
tion strategy to provide high cell throughput and fulfil minimum data rate. Proportional fair 
and explicit RN wireless BH improvement is not considered. In [15] the authors analyse 
practical resource allocation strategies for non-transparent inband relays in an FDD sys-
tem. The MBS is able to serve the MBS UE and RNs in the same time slots. By varying 
the number of BH subframes, they show the influence on fairness and downlink through-
put. However, no additional interference mitigation or energy efficient strategy is applied. 
Also no further strategy is introduced to improve the BH spectral efficiency. Wang et al. 
[16] study fairness and throughput downlink performance based on a designed three step 
resource allocation scheme. They introduce buffers at the RNs to avoid limitations of the 
performance because of the quality imbalance of BH and ALs, when no buffers would 
be applied buffers and therefore, the same transmission rates of BH and RN ALs have to 
be reached to prevent traffic congestion at the RN. No additional technique in terms of 
energy efficient or interference mitigation strategy is considered. In [17] low complex-
ity resource partitioning schemes with two-hop proportional fairness are considered. The 
results show improved RN UE cell edge performance as well as increased average MBS 
UE performance under fairness improvement. However, the BH and AL match rate is 
assumed and no additional buffer to further improve the system is considered. Furthermore 
only the average MBS UE throughput is presented, without information about the CDF of 
the macro UEs. No adapted power allocation is applied to reduce interference or improve 
energy consumption. The goal of this work is to develop an RRM scheme which improves 
the overall performance of a half duplex relay extended OFDMA network, under consider-
ation of all practical limitations of an DL FDD network, by improving the RN BH spectral 
efficiency (SE) while protecting the performance of the UEs, directly served by MBSs. The 
considered relay type is a non-transparent relay in half duplex and non cooperative mode, 
which makes the RN a separated small cell besides the existing MBS cells in the network. 
The RN has its own scheduling functionality and appears at the donor MBS as an UE. Fur-
thermore, the RN has the ability to queue received data from its donor MBS. The serving 
station has suboptimal frequency selective channel knowledge based on UE channel quality 
information (CQI) feedback as defined in [18]. A UE has exclusively orthogonal access to 
a subchannel within a cell (MBS/RN), which results in no intra cell interference, while full 
reuse of subchannels among cells is assumed. This introduces inter cell interference but 
provides full access to the radio resources for each cell.
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The target of this contribution is to design a practical low complexity solution which 
aims to satisfy a combination of several research challenges identified during the past 
years. On the one hand, in dense RN FDD networks the BH link is often identified as 
the bottleneck for the downlink. Therefore the main question answered in this work is, 
if an adapted subband transmission power pattern can improve the BH link spectral effi-
ciency without losing macro UE performance and introducing additional non practical high 
amount of periodic CSI feedback. On the other hand, fairness needs to be obtained as well 
as queue-awareness and energy-efficiency needs to be considered. Therefore, the proposed 
practical low complexity algorithm results in the design of a hierarchical RRM scheme, 
which consists of the asynchronous centralized part as well as the synchronous decentral-
ized part. The algorithm aims to reduce the interference and used energy for the transmis-
sion in the downlink shared channel, while improving the wireless BH rates under fairness 
and overhead constraints, and therefore resulting in an improved UE throughput.

The paper is organized as follows. In Sect. 2 a practical hierachical RRM approach is 
defined, followed by the considered system model in Sect. 3. Simulation results are dis-
cussed in Sect. 3.2 and concluded in Sect. 4.

2 � Radio Resource Management Approach

Two different types of time transmission interval (TTI)s occur in the considered half 
duplex relay extended networks. The first one, further defined as backhaul subframe 
(BHSF) serves the RN, while they are in receiving mode, and UEs directly attached to 
the donor MBS. Within this TTI interference is caused only by MBSs. The possible radio 
link types which occur in a BHSF are illustrated in Fig. 1. The second subframe, further 
declared as access link subframe (ALSF), serves the directly attached MBS UEs, as well 
as the two hop (2H) UEs assigned to the RNs, while the RNs are in the sending mode. 
Here, RN interference occurs in addition. Possible link types within a ALSF are depicted 
in Fig. 2. The intended RRM approach aims to improve the RN BH links in the first and 
the directly attached UEs in the second TTI. The possible throughput of the UEs connected 
to the RNs will be limited by the BH transmission for each RN during the BHSF. The RN 

Mute

TransmissionMBS Interference

Fig. 1   Possible serving and interfering links during BH transmission time
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UE throughput will only improve if the BH links in the first subframe will have increased 
SE and more data per RN UE will be transmitted and buffered at the RN. The major chal-
lenge is to improve the RN BH links without a loss of the directly attached UEs, which 
share the capacity of the BHSF with the RNs. The ALSF, which is exclusively used by the 
directly linked UEs at the MBS is additionally interfered by the RN to UE transmissions, 
when RNs are in sending mode. Both subframes are interdependent to each other. When 
the RNs get too much resources the MBS UEs experience a loss in the BHSF in terms 
of instantaneous throughput. Thus, the resulting loss, needs to be compensated within the 
BHSF and ALSF by increasing the instantaneous throughput based on the improved spec-
tral efficiency. An excellent result of the proposed RRM scheme would be to keep the over-
all direct link UE performance stable, while improving the BH link quality of the RNs and 
thus, improve the overall throughput performance of the two hop UEs. To minimize the 
additional interference in the ALSF, caused by the RN transmission, the quality of the RN 
AL should be improved as well, to provide a stable MBS UEs link quality. Further, fairness 
needs still to be guaranteed as well as possible energy savings need to be considered under 
limited amount of additional signalling overhead.

In Figs. 1 and 2 all possible link types which can occur are illustrated.
The proposed RRM scheme which aims to improve the system capacity is separated 

into two parts. The first step is based on a centralized asynchronous approach, which aims 
to adapt the transmission powers of all serving stations, MBS as well as RNs, in the net-
work. Both types of TTIs are taken into account, while interdependencies are considered. 
The average received powers of serving and interfering links need to be measured by the 
UEs and RNs and fed back to a central optimization entity. As an additional required infor-
mation, the optimizer needs to know; 1. if the measurement received was performed by 
an MBS, RN UE or an RN and 2. in which subframe type the measurement was carried 
out. Once the centralized unit has collected all feedbacks, the optimization can be initi-
ated. The final outcome of this asynchronous procedure consists of a transmission power 
adaptation for each serving station as well as the total number of physical resource block 
(PRB)s, where the adapted transmission power patterns will be applied. The process might 
be repeated in a larger time scale (e.g. hundreds of ms) to prevent additional feedback 
overhead, caused by the necessary UE measurement reports for the calculation. Once the 

TransmissionMBS Interference

Transmission

RN interference

Fig. 2   Possible serving and interfering links during RN access transmission time
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improved power pattern is derived, no further action is needed by the centralized entity. It 
is obvious that this might result in suboptimal solution due to the nature of channel varia-
tions. However it can be easily applied in real networks due to its low amount of feedback 
to the centralized unit.

The second part of the process is based on a synchronous adapted scheduling procedure, 
where in each TTI the available PRBs are allocated to UEs and RNs to serve. This is done 
based on an adapted two hop proportional fair metric, which takes into account CQI report-
ing of RN and UEs, past decisions as well as resource allocation control rules, how to use 
the optimized subbands. Besides subband CQI reporting which needs to be fed back by the 
RN to its donor MBS for all served UEs, also relaxed different type of reports are consid-
ered to ease the amount of signalling overhead, further defined in Sect. 2.2.

2.1 � Centralized Asynchronous RRM

To find the theoretically optimal power distribution pattern would be quite challenging, due 
to the huge number of existing combinations. The combinatorial problem cannot be opti-
mally solved during runtime of the system, even if only average received power values are 
considered. To this end, a heuristic needs to be applied to find a nearly optimal solution. 
As an example, it is assumed to have two MBSs with additional two RNs in each coverage 
area. To reduce the number of combinations a limited subset of transmission power reduc-
tion values can be defined, which will be applied for AL and BH subframes, respectively. 
If for instance a set of 10 possible power reduction values are assumed, it already results 
in a large number of possible combinations, with already 102 possibilities when RNs are 
in receiving mode multiplied with 104 possible options which already results in total in 
1 ⋅ 106 combinations, according to Sect. 1. If a more realistic scenario is assumed with, e.g. 
21 MBS plus 42 RNs, it results in an impractical solution space which is non-deterministic 
polynomial (NP) hard to solve. A near optimal result also cannot be found by an exhaus-
tive search (deterministic approach) and thus, a heuristic approach needs to be applied, 
which is defined in following. For the asynchronous solution search a genetic algorithm is 
precisely adapted and applied to the optimization problem. In Fig. 3 the flow chart of the 
defined genetic algorithm (GA) is shown. The procedure first starts with the initialization 
of the algorithm. Several parameters, such as the choice of fitness function, mutation rate, 
number of generations (optimization steps), etc. are set. As an example, a parameter set 
applied for the conducted simulations can be found in Table 1. After the initialization is 
done, a randomly chosen first generation is defined. This generation includes a number of 
individuals which consists of a set of possible transmission power adaptation value (PAV)s 
for each MBS in the BHSF, the ALSF as well as a PAV for each RN in the ALSF. Based on 
the measurement reports received from RNs and UEs, as explained in the previous section. 
Based on the collected information the fitness values (FV)s for all individuals are calcu-
lated, as described in the following.

2.1.1 � Calculation of Serving and Interfering Links with Power Adaptation Values

Based on the link specific average power calculation taken from [19], Eq. 1 defines the effec-
tive received average power of the serving signal s̃0 of UE n for each individual i in the con-
sidered subframe type s. The � is defined as the MBS m or the RN r specific PAV, as a scalar 
of the vector Ppav , which consists of the defined possible PAVs. Accordingly, Eqs. 2 and 3 
define the sum of the total number of effective interfering links, either for interfering MBSs 
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ĩMBS or RNs ĩRN , respectively. The sum of the effective interference caused by the RNs ( ̃iRN ) 
only needs to be defined for the ALSF, due to reception mode of RNs in the BHSF.

(1)s̃0(n, i, s) =Θm,i,s ⋅ s0(n, i), Θm,i,s ∈ Ppav

(2)ĩMBS(n, i, s) =

MBS
∑

m=1

Θm,i,s ⋅ iMBS(n, i), Θm,i,s ∈ Ppav

(3)ĩRN,AL(n, i) =

RRN
∑

r=1

Θr,i ⋅ ir(n, i), Θr,i ∈ Ppav

Fig. 3   Flow chart of the applied 
genetic algorithm
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2.1.2 � Calculation of Adapted Wideband SINR for Access and BH Subframe

To determine the FV of each individual (i) the resulting effective wideband Signal to Inter-
ference plus noise ratio (SINR)s ( ̃g ) needs to be calculated for all UEs n, based on [20]. 
Equation 4 defines the wSINRs for all UEs in the ALSF ( s = 1 ) including the interference 
( ̃iRN,AL ) caused by the RNs in sending mode. Those are either UEs served by the MBSs 
( NUEDL

 ) or UEs attached to the RNs ( NUE2H
 ). The additive average gaussian white noise is 

considered as �.

Equation 5 defines the effective wSINR in BHSFs ( ̃gBH ) with RNs ( NRN ) in the reception 
mode and for UEs ( NUEDL

 ) served by the MBS ( s = 2 ). Here, no interference caused by the 
RNs is needed to be considered.

2.1.3 � Calculation of the Average Spectral Efficiency for Direct and Two Hop 
Connections

Finally, to determine the effective supportable rate ( ̃r  ) for all effective wSINRs an adapted 
Shannon bound curve is used based on in Eq. 6, whith � set to 0.6 as a factor considering 
the system overhead [21]. Additionally, two boundaries are defined in Eq. 7. The minimum 
supported wSINR of the system gmin as well as a maximum reachable rate rmax . The mini-
mum required SINR gmin is dependent on the design and robustness of the control channel 
of the system and rmax depends on the supported types of modulation and coding scheme 
(MCS) and spatial layers.

For all UEs directly served by the MBS, the two existing rates need to be weighted with the 
percentage amount of time they can be used for transmission in principle, based on [10]. 
For RNs as receiver t2 is set to zero since they can only receive data during a BHSF.

For the two hop UEs NUE2H
 , the possible rates on the BH link of their serving RNs ( MsRN ) 

need to be taken into account, as given in Eq. 9. Here, the loss in time for the two hop 
transmissions is already considered based on [22].

(4)
g̃AL(n, i) = 10log10

(

s̃0(n, i, 1)

ĩMBS(n, i, 1) + ĩRN(n, i) + �

)

,

n ∈ {NUEDL,
NUE2H

}

(5)g̃BH(n, i) = 10log10

(

s̃0(n, i, 2)

ĩMBS(n, i, 2) + �

)

, n ∈ {NRN,NUEDL
}

(6)r̃ = � ∗ log2

(

1 + 10
g̃

10

)

,

(7)�r(�g < gmin) = 0, �r(�r > rmax) = rmax

(8)r̃DL(n, i) =
r̃BH(n, i) ⋅ t1 + r̃AL(n, i) ⋅ t2

t1 + t2
, n ∈ {NRN,NUEDL

}

(9)r̃2H(n, i) =
r̃BH(m, i) ⋅ r̃AL(n, i)

r̃BH(m, i) + r̃AL(n, i)
, m ∈ MsRN, n ∈ NUE2H
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Equation 10, finally defines the difference of the possible rates ( �r̃  ) compared to the refer-
ence rate ( rref  ) without applying the current PAVs pattern for the considered UE n of the 
individual i in the total set of the generation.

Based on the derived possible UE specific effective rates for each individual the actual 
fitness values (FV)s can be derived and the best configurations of one generation can be 
determined. To calculate the FV two alternative optimization functions are proposed in the 
next section.

2.1.4 � Description of Fitness Value Calculation

Equation 11 defines the first possible fitness function FVo1 to use. The equation consists of 
a sum of sums over all MBSs. At first, the possible deltas of rates for the BHSFs are con-
sidered ( �r̃BH ). As described in Sect.2, the algorithm aims to increase the rates of the RNs, 
while protecting the rates of the MBS UEs. Therefore, the delta of the RN BH n is weighted 
by a scalar �n , which represents the number of two hop UE to be served by an individual 
RN. The higher �n will be, the more important �rate becomes for the considered RN BH, 
because the RN needs to serve more two hop UEs. Second, the sum of the deltas of the 
rates for all MBS UEs during the BHSF is taken into account. It is additionally weighted 
by the factor NDLm

N2Hm

 which represents the importance of the sum. The more MBS UEs are 
attached to the MBS directly, the more important it will be also to serve these UEs and 
thus, the rates of them are more important. On the other hand if the RNs attached to the 
MBSs, NRNm

 needs to serve more UEs N2Hm
 , the sum will be less prioritized. The next sum 

represents the value of delta rates for the UEs attached directly to the MBS and possibly 
served during the ALSF. Here an additional weight takes into account the importance of 
the sum. If a high number of two hop UEs are needed to be served by the RN attached to 
the donor MBS the more important the sum of the delta rates in the ALSF becomes to 
counteract on losses for the directly attached UE in the BHSF. Last but not least, the sum 
of the RN ALSF is considered as well. This aims not to introduce additional interference 
caused by the RNs when the AL rate is low and therefore, more PRBs would be needed for 
transmissions. This becomes the more relevant, the more two hop UE need to be served by 
RNs. Because of that, the additional weight N2Hm

NDLm

 gives the sum more importance when 
more two hop UEs have to be served. Furthermore, the term gets less important if a rela-
tively higher number of MBS UEs are attached and need better conditions to compensate 
possible losses in the BHSF.

The second fitness function FVo2 which is defined by Eq. 12, is more aggressive to find a 
good individual. It only focuses on the improvement of the RN BH link and the improve-
ment of the direct UEs during the ALSF to protect them against losses in the BHSF. 

(10)�̃r(n, i) = r̃(n, i) − rref(n, i), n ∈ {NRN,NUEDL
, NUE2H

}

(11)

FVo1(g, i) =

MBS
∑

m=1

(

NRNm
∑

n=1

�m,n ⋅ �̃rBH(m, n) +
NDLm

N2Hm

⋅

UUEm
∑

u=1

�̃rBH(m, u)

+
N2Hm

NDLm

⋅

(

UUEm
∑

u=1

�̃rAL(m, u) +

RUEm
∑

r=1

�̃r2Hm
(m, r)

))
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Basically the weighted sum for the delta rates of RN BH links is used, as already explained 
for Eq. 11. Second sum consists of the deltas for the rates of the UE directly attached to 
MBSs for the ALSF, when the RNs are in sending mode.

In addition, the number of links which have a positive �rate are counted for ALSF and 
BHSF separately. Based on that, a percentage can be derived how many subbands the final 
individual should be applied in both subframe types to improve the system performance.

Besides that, prohibitive possible outages of UE which might be introduced by the 
adapted power pattern is taken into account. Therefore, the algorithm checks whether MBS 
UEs might end up in outage in both possible transmission subframe types. If this is the 
case, the UE specific �rate is set to − 100, which represents the negative impact on the sin-
gle UE. Therefore, the total FV of the considered individual is decreased and down prior-
itized in the parent selection process. The same procedure is applied for RNs in the BHSF. 
Here, RNs which might result in outage will influence even more the FV of the individual, 
due to an additional weight, which represents the number of two hop UEs attached to the 
RN.

2.1.5 � Generation of the Offspring

After the calculation of the total FVs for the considered the generation, the offspring needs 
to be created for the next optimization step. Therefore, half of the individuals with the 
highest FVs are chosen as potential parents of an offspring. The other half with lower FVs 
are discarded. For the selection process a fitness proportionate scheme based on Eq. 13 is 
used, where a probability pi based on each individuals FV is calculated to act as a parent 
[23]. The exponential factor � has influence on the probability distribution of the individu-
als. The higher � is set, the higher the probability the best individuals are chosen as par-
ents. Based on the outcome of a sensitivity test, � was set to 4. This procedure increases the 
selection probability towards individuals with higher FVs. As an example, Fig. 4 presents 
the procedure as an illustration of a wheel of fortune. Each parent is chosen in a single pro-
cess to finally create the target number of parents needed.

Therefore, a random uniformly distributed number between zero and one is determined and 
compared with the cumulated sum �cs of each individuals’ probability, as defined in Eq. 14, 
for the total number of potentially survived individuals N.

Finally, choose a parent based on Eq. 15, if:

(12)FVo2(g, i) =

MBS
∑

m=1

(

NRN
∑

n=1

�m,n ⋅ �̃rBH(m, n) +

UUE
∑

u=1

�̃rAL(m, u)

)

(13)pi =
fv�

i
∑N

n=1
fv�

n

(14)pcs(i) =

i
∑

n=1

pi(n), i = 1, 2,… , N

(15)pcs(i) ≤ x < pcs(i+1), x ∈ {ℝ ∣ x ≤ 1}
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Once, the parents are determined an one point crossover mechanism is used to create 
the offspring, as depicted in Fig. 5. Here, two random integer values x, y are chosen, if the 
number of MBS does not equal the number of RNs in the system. Otherwise one integer 
would be sufficient. The first value x ∈ MMBS is taken out of the total number of the MBS 
in the system, which equals the number of possible crossover points for the individual part 

Choose as parent

Best individual 
with n% probability to be a parent 

Worst individual with probabiity  
< 1% to be a parent 

Fig. 4   Fitness proportionate selection to create couples of parents
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of the MBSs. Second value y ∈ NRN is used to find a crossover-points for the PAVs of the 
RNs. The couple of individuals reproduce themselves as depicted in Fig. 5. For the next 
couples the process is repeated and different crossover points are determined until the total 
set of offspring PAVs is created. Finally the offspring needs to be slightly changed to not 
stuck in a local optimum of the search space, when just reproducing the new set of PAVs 
based on the legacy. Therefore, a small number of values have to be randomly changed, 
which is defined as the mutation process. The final outcome of the genetic algorithm is 
very sensitive to the mutation rate. Therefore, a sensitivity analysis has been carried out 
to adjust the mutation rate to result in the best possible solution. Figure 6 gives the results 
of the performed sensitivity analysis. The illustrated adjustment of the mutation rate was 
done based on Eq. 12 with different percentage of mutation rate. For each generation only 
the maximum FVs are depicted. It can be observed, that the best found mutation rate was 
0.05 (doted black curve), which means 5% of the total number of PAVs of the generation 
were mutated. All other tested mutation rates between 1 and 10% didn’t result in a higher 
maximum FV.

Finally, the best occurring individual with the highest FV is determined based on Eq. 16 
and saved. It will be only replaced if an offspring generation includes an individual with a 
higher FV.

2.1.6 � Description of the Final Outcome of the Optimization

Finally a promising optimized PAV pattern is found which improves the total weighted 
sum of rates for a certain percentage of the UEs and RNs. As an numerical example of 
the optimization result, Fig. 7 shows a configuration found by the GA for two BS and 
two RNs, based on the final PAVs (individual) with the maximum FV. RN1 transmits 
with no adapted power, while RN2 has to decrease it by 3 dB in the ALSF. MBS1, 

(16)pavmax = PAV(max [FV(g, i)]);
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MBS2 have an decreased transmission power by 6, 10 db respectively, in the ALSF, 
while decreased power of 1 dB, receptively 3 dB, has to be applied during the BHSF.

Furthermore, Fig. 8 gives an impression how a configuration of the optimized sub-
bands could look like in time domain. As already explained in Sect.  2.1.4 the GA 
derives a percentage of subbands, based on the number of UEs and RNs which gain 
from the configuration. Figure 9 illustrates how a configuration could look like in fre-
quency domain. Here, as an example, half of the total system bandwidth is used with 
the derived optimized power pattern, while the other half is transmitted with the default 
power settings of each serving node, to schedule UEs which have decreased rates 
through the applied power pattern.

After the final configuration pattern is found, it is applied and the synchronous 
adapted proportional fair scheduler takes the newly set decisions into account dependent 
on defined scheduling strategies as explained in the following section.

Fig. 7   Numerical example of an optimized transmission power pattern

Fig. 8   Example of a possible optimized transmission power configuration over time
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2.2 � Decentralized Synchronous Adapted Scheduling

While the optimization process in the previous section aims to improve the BH link of 
the RNs and thus, the overall network performance by adjusting the transmission power 
on a subset of subbands for each MBS or RN respectively on a larger time scale, the TTI 
based scheduling strategy, which will be described in this section, aims to react on short 
term effects such as small scale fading as well as good performance of the link adaptation 
to meet the systems target block error rate (BLER). In addition to this a proportionally 
fair distribution of the radio resources among UE and RNs needs to be fulfilled. Due to 
the introduced asynchronous optimization, the short term scheduling strategy needs to take 
into account the imbalanced power levels and thus, larger variations in terms of SINR on 
the resources. The asynchronous optimization keeps the newly adjusted relation of power 
levels stable over a period of time, so that the CQI reports from the UEs are not outdated 
and the appropriate link adaptation can be performed. However, there are different strate-
gies possible, how to make use of the optimized subbands. In the following the applied 
short term scheduling metric is described and different strategies are defined to allocate 
resources of the optimized subbands. Further different types of two hop CQI feedback 
reports are compared which mainly increases the signalling overhead, since the informa-
tion needs to be collected and fed back from RN to MBS to distribute the radio resources in 
a proportional fair manner. Finally those are compared by means of system level simulation 
(SLS) presented in Sect. 3.2.

Figure  10 shows the flow chart of the TTI based adapted two hop proportional fair 
scheduler. In the first step it is determined if either a BHSF or an ALSF is present. In the 
second step, either an RN or an MBS is considered in the following scheduling procedure. 
For simplicity of the figure, the procedure to allocate resources for possible retransmis-
sions is not shown here. In the case of an ALSF and a MBS the transport block size (TBS) 
of each schedulable UE is determined based on a conventional PF metric, as defined in 

Fig. 9   Example of a possible optimized transmission power subband configuration over frequency
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Eqs. 17 and 18, based on [24]. All priorities P for each one hop UE k on every PRB n in 
TTI i are calculated.

R is defined as the instantaneous supportable rate, depending on the latest received UE 
CQI reports on an mth subband. The parameter � is an exponential scaling factor which is 
set to 1. The average throughput T is recursively updated, as defined in Eq. 18.

(17)Pk,n(i) =
Rk,n(i)

T�
k

(18)Tk,i+1 =

{

� ⋅ Tk,i non-scheduled UE

� ⋅ Tk,i + (1 − �) ⋅ Rk,i scheduled UE

Radio Resource Scheduler 
per TTI

Backhaul 
subframe

TB size calcula�on based 
on the composite rate for 
RN UEs and supportable 

rate for MBS UEs

Mul�ple TB to be 
transmi�ed via backhaul 

link

Total TB size for backhaul 
link can be determined

Resource alloca�on based 
on the access link CQI 

informa�on

Macro BS

Update UE Buffer Status

Update Propor�onal Fair 
Metric

Macro BS
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Mul�ple TB to be 
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RN UEs 
and UE buffer status

Apply Scheduling Strategy n

Fig. 10   Flow chart of adapted two hop proportional fair scheduling



	 P. Arnold et al.

1 3

The factor T of the unscheduled UEs/RNs is multiplied with a forgetting factor � . Sched-
uled UEs’ T is updated by multiplying with � and adding the instantaneous data rate of the 
current TTI with a weight of 1 − � . Based on the calculated priority matrix the PRB allo-
cation is done by taking the UE U with the maximum priority P for each individual PRB, 
defined in Eq. 19.

While the MBS to UE transmission is done with infinite full buffer size, in the case of a 
RN to UE transmission in an ALSF only the data is transmitted delivered via MBS-RN BH 
transmission (most left case in Fig. 10). Therefore the resource allocation is done under 
each UEs buffer limitation. Equation 19 is only done if the buffer size of the UE is larger 
than or equals the total TBS of the UE. Otherwise the considered UE is excluded by setting 
the UE specific priorities on the left PRBs to −∞ . If the buffers of the left schedulable UEs 
are smaller as well, not all PRBs are used for transmission.

In case of a BHSF transmission the available PRBs at the MBS need to be shared among 
one hop UEs and RNs.

Therefore, in Eq. 20 the composite rate (CS) replaces the instantaneous rate R of Eq. 17 
for all two hop UE j, served by the considered RN, based on [22]. The specific two hop 
connection takes into account both, the instantaneous rates R of the BHSF and the ALSF. 
The harmonic mean of both hops (L) considers the loss in time of the transmission, as well. 
Finally, two priorities are calculated with the throughput T of the AL, TAL and the BH link 
TBH . The maximum is used as a priority of the two hop UEs. In most of the cases the prior-
ity of the AL might be used, because the UE individual past throughput might be equal or 
less then the total past throughput of the BH link.

Finally, the calculated priorities for one and two hop UEs are compared and allocated to 
the UEs with the maxmimum priority on each PRB, as in Eq. 22.

Once, the PRBs are allocated either to one or two hop UE, the TBS can be calculated for 
each UE. After that, a resource reallocation needs to be done for the MBS-RN transmission 
with one hop feedback to get accurate frequency selective scheduling decision. Therefore 
the total amount of TBSs of the considered two hop UEs are summed up and the needed 
PRBs for one large BH TBS is derived. Furthermore, the buffer status of the two hop UEs 
as well as the proportional fair metric is updated afterwords.

2.2.1 � Overhead Consideration and Resource Allocation for Different Types of Channel 
Quality Feedback

When frequency selective scheduling is applied, typically subband CQI reports are 
used to gain knowledge of the channel states and derive a resource allocation decision 

(19)Un(i) = maxk(Pk,n(i))

(20)CRj,n(i) =

(

L
∑

l=1

1

Rl,j,n(j)

)−1

(21)Pj,n(i) = max

(

CRj,n(i)

T�
j,AL

,
CRj,n(i)

T�
j,BH

)

(22)Pk,n(i) = max
(

Pk,n(i),Pj,n(i)
)
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with better resource utilization. Typically, in conventional networks the UE takes 
measurements and send back the report to the MBS where the MAC scheduler uses 
the reports to take a decision. In RN extended networks, it is additionally necessary to 
feedback the reports from RN to MBS for all UEs attached to the RN. This can heavily 
increase the additional signalling overhead in the uplink (UL) and influence the perfor-
mance. Besides that, the control signalling overhead is already increased, as different 
subframe types occur and the MBS needs accurate information of both shadow fading 
(SF) types. For instance, if periodic CQI reporting is assumed, the UE needs to gener-
ate at least two CQI reports per frame, one for each occurring SF type, where different 
interference situations appear and additionally different optimized power patterns are 
applied. The reports consist of a defined number of subband reports including MCS 
recommendation among other information. The reports of all two-hop UEs need to be 
collected and sent back to the MBS. To reduce this potential large amount of overhead, 
different types of reports with reduced amount of overhead are compared in this study. 
The reference case assumes a full subband report for frequency selective decisions as 
input for Eq. 20. Alternative RN to MBS feedbacks with a potential overhead reduc-
tion of are used and compared in terms of throughput, SINR and fairness. Instead of 
frequency selective subband CQI reports either the recommended maximum, average 
supportable rate derived out of the CQI reports for the RN access link is fed back to 
the MBS. This reduces the amount of signalling by 1

N
 , where N is the defined number 

of subband reports per UE. For further clarification it should be kept in mind, that 
the actual scheduling decision at the RN is still done in a frequency selective manner 
based on RN UEs’ CQI feedback to the RNs.

2.2.2 � Scheduling Strategies for Optimized Subbands

As already mentioned, different scheduling strategies can be applied, how the opti-
mized subbands can be allocated to UE. Advantages and drawbacks of different strate-
gies are discussed in the following and compared by means of SLS in Sect. 3.

Scheduling strategy 1:
Only UE with previously calculated chance to gain from optimized subband are 

allowed to use such resources, based on UE specific individual positive delta of the 
rates. If no UE with potential benefit is attached to MBS or RNs the resources will be 
left unallocated. This results in a better SINR in neighbouring cells on the one hand, 
but higher loss in terms of unallocated radio resources on the other.

Scheduling strategy 2:
UE with negative � rates can potentially also make use of the optimized subband. 

Dependent on the adapted two hop proportional fair, those UE will be less prioritized 
on those PRBs. For a single UE it is possible to allocate the total amount of PRBs 
independent if transmitted with optimized or default power. This results in a higher 
variation of SINR values for a single UE transmission and thus in potentially less effi-
cient link adaptation.

Scheduling strategy 3:
UE with less rate can also make use of the optimized subband. Dependent on the 

adapted two hop proportional fair, those UE will be less prioritized. For a single UE it 
is only possible to allocate the optimized or the default subband.
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3 � System Level Simulations

In this section, the performance analysis of the hybrid RRM scheme is presented. First, the 
most important simulation assumptions are summarized, followed by the results.

3.1 � Assumptions

In each sector 4 RNs are placed randomly with a minimum distance of 40 m to each other. 
Each cell sector is equipped with a 3D directional antenna with a 3 dB horizontal beam-
width of 70° and a vertical 3 dB HPBW of 10°. A sub-urban scenario with the commonly 
used macro inter-site distance of 1732 m is used. Transmitting antennas of the RN and 
the receiving antenna of the RNs/UEs are omni directional. No additional antenna gains 
for transmission and reception at the RNs is assumed which makes the solution more 
attractable for operators due to potential cost savings not deploying additional antennas 
at the RN sites. The RNs have a transmission power of 30 dBm. A hotspot UE distribu-
tion with 30 UEs in average per cell is considered. A hotspot occurs in the vicinity of the 
RNs. As an example, Fig. 11 shows one UE and RN drop of the simulated RN extended 
LTE-A network with 19 hexagonal cell sites and 3 sectors per site. The cell selection of the 
UEs is based on the comparison of one and two hop default rates based on Eqs. 8 and 9, 
which equals the end-to-end optimal routing strategy proposed in [25]. To prevent border 
effects, the wrap around technique is applied. WINNER+ sub urban macro (SUMa) chan-
nel model is used for the MBS-UE direct links (DL) and the MBS-RN BH links (BH). For 
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Fig. 11   Network layout, 19 MBSs, 3 sectors/site, e.g. 4 RNs per sector
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the RN-UE AL urban micro (UMi) channel model is used. LoS probability of the MBS-RN 
BH link is only slightly increased an assumed deployment height of 5 m for the RNs. Fur-
thermore, 256 quadrature amplitude modulation (QAM) transmission is supported based 
on [18]. Additional control channel overhead is assumed using 3 OFDM symbols (1 DL 
R-PDCCH, 1Tx-Rx, 1Rx-Tx switching per SF). It has to be kept in mind, that the chosen 
scenario is a very challenging, but one of the most realistic scenario for RN deployments. 
On the one hand RNs deployed at UE hotspots give a very high probability to provide 
excellent AL channel quality. On the other hand, due to the random placement of the UE 
hotspots and the RNs in its vicinity it can happen that the hotspot occurs in the main beam 
direction of the MBS antenna. In such scenarios it is quite unlikely that RNs might out-
perform the direct link performance, even if in such scenarios the BH link quality will be 
excellent as well.

Comparable results as a reference can be found in [26] based on the agreed assump-
tions in the 3GPP [27]. Typical performance gains by introducing relays with decentralized 
scheduling schemes are approximately an average user throughput of arround 20% when 4 
RNs per sector are deployed in an urban or sub-urban scenario [28]. However, one of the 
major contributions of this work is to improve the backhaul link quality of the deployed 
RNs without the deployment of an additional receiving antenna to save additonal deploy-
ment costs and planning effort. This assumption makes the scenario more challenging and 
also difficult to compare with other existing results in the literature. In addition, the simula-
tion results are quite sensitive and dependent on their underlying assumptions. In a realis-
tic urban scenario an additional directed receiving antenna requires LoS connection to the 
donor MBS. Otherwise, the SINR might be decreased in an unwanted manner and possible 
theoretical gains are not possible due to a received signal with a high delay spread [29, 
30]. This might be difficult to achieve in a realistic scenario due to limited possible RN site 
locations in the vicinity of a user hotspot, when RNs are deployed to increase the capacity 
of the network. Furthermore, possible deployment heights are limited as well in realistic 
scenarios. This typically decreases the LoS probability as well in the applied PL models 
and is often overseen in existing literature. For instance in [31] an additional RN antenna 
gain of 13 dBi and an RN antenna height of 15 m is assumed. In [13] an additional direc-
tional receive antenna with 7 dBi antenna gain is assumed. Nearly comparable results can 
be found in [15, 17, 32], with slightly deviating assumptions in terms of the deployed sce-
nario and the considered number of users. In principle the centralized part of the proposed 
hybrid scheme could be applied in the considered scenarios and an additional gain could 
be achieved when using the solutions in a combined manner. In Fig. 15 the final result is 
shown of the proposed solution. In the first step a macro cell network is compared with a 
RN extended system. As stated before an additional gain of 18% could be reached in the 
average overall user throughput under fairness constraints comparable with the achieved 
gains in [26, 28]. When the centralized part of the hybrid RRM scheme is enabled an addi-
tional average gain of 10% could be observed. This makes it an attractive solution as no 
directed antennas have been applied in receiving or sending direction at the RNs. In a nut-
shell the chosen scenario in this work is one of the most realistic but also one of the most 
challenging ones to outperform the conventional MBS network and increase the perfor-
mance by the hybrid RRM approach in RN extended networks. Furthermore, realistic non 
prohibitive low amount of feedback overhead is assumed, which limits the possible gains 
of the approach but shows trustworthy results. This is also often assumed way too optimis-
tic in the existing literature, as summarized in Sect. 1.

Within the applied 2x2 MIMO system a brute force algorithm is used to create the CSI 
report of each UE. Based on the best derived SINR of all possible transmission modes and 
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codebook based precoding matrices the CQI, RI and PMI indices are chosen and the CSI 
report is created. A feedback delay of 5ms is assumed until the report can be taken into 
account at the serving node (MBS or RN). UEs attached to MBS are instructed to generate 
2 feedback types, during RN reception and transmission. UEs served by RNs generate 2 
feedback types as well, for TTIs in which the RNs are muted or not. This gives more accu-
rate information due to different interference power levels. Considering the proposed GA 
defined in Sect. 2.1, the number of generations and individuals, crossover type, mutation 
rate and applied fitness functions are set, as listed in Table 1.

A comparison of the resulting UE throughput, SINR, fairness and potential energy sav-
ings on the DL physical shared channel is described in the following.

3.2 � Results

In the reference simulation a conventional MBS network is considered. In the next step, 
the scheduling strategy is based on the decentralized adapted two hop proportional fair 
metric, defined in Sect. 2.2, while the centralized heuristic algorithm is disabled. To reduce 
RN signalling to the MBS a comparison is carried out for the different aforementioned 
signalling information. Finally the centralized algorithm is additionally enabled based on 
the defined fitness functions based on Eqs. 11 and 12, described in detail in Sect. 2.1 and 
further defined as o1 and o2.

3.2.1 � Comparison with Different Two Hop UE Feedbacks Forwarded from RN to MBS

As described in Sect.  2.2 the forwarded additional signalling is defined as the full CQI 
report which includes frequency selective information (FSS), while the reduced signalling 
is either the maximum (MAX) or average (AVG) recommended MCS of the individual two 
hop UE. The figures in 12 show clearly the higher performance for the heterogeneous net-
work compared to the reference. An average gain of approx. 18% can be observed at the 60 
percentile of the CDF. The performance is kept stable, when the lower signalling overhead 
is used. Additionally it can be observed, that the in case of the results with AVG feedback 
slightly improves the performance below 60 percentile, while decreasing a bit above it. 
This may come from the fact that RN UEs are slightly higher prioritized, when the MBS 
assigns the resources to either direct UE or RN. This is also confirmed due to the higher 
RN BH throughput illustrated as the black curves. In addition it can be observed in Fig. 12 
that the RN UEs experience a higher throughput in case of AVG or MAX feedback while 

Table 1   Summary GA 
parameters

Parameter Value

Fitness function type Equation 12
Number of generations 400
Number of individuals 160
Parental selection Fitness proportionate
Crossover inheritance type Random one point
Mutation rate 0.05
TX power adaptation values (PAV) [− 46, − 40, − 30, − 20, − 10, 

− 6, − 5, − 4, − 3, − 2, − 1, 
0] dB
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the MBS UEs’ throughput is slightly decreased. Furthermore, the RN UEs throughput is 
well below then for the MBS UEs since only the worst UEs are served by the RNs, keeping 
the applied end-to-end optimal routing strategy in mind (Fig. 13).

3.2.2 � Throughput Comparison with Different Fitness Functions and Scheduling 
Policies

In the next step the centralized heuristic is applied. In the first part fitness function o1 is 
used. Unfortunately, the optimization approach doesn’t clearly outperform the previous 
explained results. Due to the design of fitness function o1, there are too many counteraction 
terms in the equation, which wipe out possible gains. In this case, the different scheduling 
strategies based on Sect. 2.2.2 does not show significant influence in the performance. It 
can be concluded that, the centralized heuristic did not derive a proper power reduction 
pattern. However, the performance is kept stable and at least no increased throughput is 
observed.

As an alternative, fitness function o2 is now enabled and presented. As already 
described in Sect.  2.1 the design of the fitness function is much more aggressive to 
find a promising subband power reduction pattern. Only RN BH improvement in the 
BH subframe and possible MBS UE improvements in the RN AL are in focus without 
consideration of possible losses of MBS and RN AL in both subframes, respectively. 
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Fig. 12   Throughput of UE groups and RN BH with different feedback of RN AL CQI

0 0.5 1 1.5 2 2.5 3
 MS Throughput [Mbit/s]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

P
ro

ba
bi

lit
y 

{ M
S

 T
hr

ou
gh

pu
t <

 A
bs

ci
ss

a 
} 

all UEs (o1 sch1)
RN@MBS
all UEs (o1 sch2)
RN@MBS
all UEs (o1 sch3)
RN@MBS
Ref. MBS only

 MS Throughput [Mbit/s]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

P
ro

ba
bi

lit
y 

{ M
S

 T
hr

ou
gh

pu
t <

 A
bs

ci
ss

a 
} 

UEs@MBS
UEs@RN
UEs@MBS
UEs@RN
UEs@MBS
UEs@RN

0 0.5 1 1.5 2 2.5 3

Fig. 13   Throughput of UE groups and RN BH with fitness function o1 and scheduling policy 1, 2 and 3



	 P. Arnold et al.

1 3

Figure  14 shows the performance comparison when fitness function o2 is applied in 
combination with the proposed scheduling strategies. It can be observed the best per-
formance when scheduling strategy 2 is used. To remind the reader strategy one leaves 
the radio resources free, when no UE individual �rate promises possible gains in the 
considered cell. On the one hand this might improve the SINR in the surrounding cells 
but decreases the number of available resources to be scheduled to UEs. Scheduling 
strategy 2 provides access to all available resources. However a single UE can only be 
scheduled either in the power adapted or default power resource region. In contrast to 
this scheduling strategy 3 gives the opportunity to allocate resource to a single UE from 
both resource regions. As can be observed scheduling strategy 2 outperforms 1 and 3. 
A closer look discloses, that scheduling strategy 3 slightly outperforms one. The dif-
ference between 2 and 3 is explained by the higher SINR variance in case of strategy 
3 for a single UE. The link adaptation targets a BLER of 10 percent to provide best 
performance of the network. In case of strategy 3 the target BLER was narrowly missed. 
In Fig. 14 it can be observed, that especially in case of the MBS UE performance strat-
egy 2 outperforms 1 and 3. For RN UEs the difference between strategy 2 and 3 can be 
neglected, as the RN UEs are buffer limited and do not use both bandwidth parts simul-
taneously due to smaller TBSs.

3.2.3 � Final Comparison for Best Feedback, Power Reduction Pattern and Scheduling 
Settings

Figure 15 show the final results of the comparison. The UE throughput for all distin-
guished UE groups is shown. It can be observed, that a much more data is transmitted to 
the RNs when the GA was applied (black solid vs. dashed curves). A clear throughput 
gain can be observed for all UE when the hybrid approach with fitness function o2 and 
scheduling strategy 2 is applied. At 60 percentile which represents the average through-
put, approx. 10 percent gain is reached, without any loss in other regions. From 0 to 100 
percentile the CDF runs on the right side compared to the decentralized approach. This 
results gives a clear impression that the genetic algorithm optimized the BH link quality 
(improved throughput of RN UEs) and additionally compensated possible losses for the 
macro UE in the second subframe type when RNs are receiving. Even for MBS UEs the 
performance is increased.
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3.2.4 � SINR Comparison for Best Settings

To give some more insides how the system behaves the SINR values for the best derived 
hybrid settings (MAX feedback, fitness function o2 with scheduling strategy 2) are ana-
lysed. The SINR values are calculated on 3 subcarriers per PRB depending on the applied 
power per PRB, used transmission mode (spatial multiplexing or single UE beamform-
ing), channel variations in time and frequency and codebook based precoding vectors 
(PMI) used for each individual transmission. Here, the CDF shows the individual subcar-
rier related SINR per link type. Figure 16 shows the observed SINR values for the dis-
tinguished UE groups. A clear gain of approx. 2.2 dB in average (60 percentile) for the 
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ness function o2 with scheduling policy 2
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BH ca be observed. The dashed dark blue CDF (fitness function 2, scheduling strategy 2) 
clearly experience a better improvement than the solid curves, which represents the decen-
tralized approach. As required no degradation for the MBS UEs (red) can be seen. Even 
a slightly SINR improvement of roughly 0.5 dB is observed as mean value (approx. 60 
percentile) for the GA with scheduling strategy 2. For the RN UEs decreased SINR values 
are observed below 80 percentile. This comes from the defined fitness function, which tries 
to compensate the potential loss in the BH subframe for macro UEs. Above 80 percentile, 
the SINR it is slightly improved. However, the loss in the RN access link will not result in a 
huge performance degradation, due to the applied reuse one scheme, which means that all 
RNs have access to the total system bandwidth to serve their UEs. Since the BH subframe, 
when MBS UEs and RNs have to share the resources it is most likely the case, that only a 
limited amount of radio resources are allocated by the RN UE. Thus, the lower SINR will 
be compensated with higher amount of resources in use. In addition an increased SINR 
is observed compared to the reference MBS network. This is also confirmed considering 
Fig.  15. Due to the improved SINR on the BH link, the RN is higher prioritized to be 
scheduled and thus, the RN UEs profit from that in terms of increased throughput. Only 
below 5 percentile the SINR is decreased due to the aforementioned effect on the RN UE 
links, without any loss in the throughput performance (Fig. 17).

3.2.5 � Fairness Comparison and Energy Savings for Best Settings

The fairness index according to the 3GPP criteria is defined in [27]. It is defined as the nor-
malized UE throughput CDF with respect to the average. If it proceeds on the right side of the 
identity function the system performance fulfils a fair throughput distribution among UE. The 
limit defines a linear relation between the UE throughput and the probability to experience a 
certain throughput. For instance 50% of the time the UE should perceive 50% or less of the 
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average UE throughput. In Fig 18a the fairness evaluation of the investigated system is pre-
sented. Compared to the reference network (light grey) the RN extended network has a slightly 
higher variance of throughput values, since it is a bit flatter. All example RN network settings 
shown here fulfil the fairness requirement of 3GPP.

Due to the asynchronous optimization as defined in Sect. 2.1 smaller amount of energy is 
used for transmission on a number of PRBs in the downlink data channel. Dependent on the 
MBS or RN specific power adaptation possible energy savings can be reached. Figure 18b 
shows the CDF with the probability of potential power savings for MBS, RNs respectively. 
Here, the best found setting (fitness function o2 with scheduling policy 2) provides also the 
highest power savings. Approx. up to 2.7 dB for MBS as well as 3.2 dB for RN transmissions 
could be saved.

4 � Conclusions

Existing resource allocation schemes for RN extended networks fail to combine multiple tar-
gets. The hybrid scheme is separated in the decentralized part to allocate the resources in a 
two hop proportional frequency selective manner with co-scheduling of UEs and RNs. In the 
centralized part adapted subband power allocation is improved by reducing the transmission 
power. The scheme unites multiple objectives under detailed modelling of the wireless BH 
link. While improving the spectral efficiency of the BH link under fairness constraints and the 
limitation of possible co-scheduled single hop transmissions, it reduces the interference in the 
system by only reducing the transmission power on the shared channel. For the centralized 
part only very limited feedback is required, while for the decentralized part the necessary feed-
back on two hop access link is minimized. Simulation results show performance gains with 
stable fairness and savings in energy consumption.

Open Access  This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License (http://creat​iveco​mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribution, 
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