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ABSTRACT

Opportunistic frequency-domain scheduling and link adaptation enable the long term evolution (LTE)
cellular systems to maximize the throughput. Successful scheduling and link adaptation require perfect
channel state information (CSI) at the eNodeB. However, for multi-carriers systems, a huge undesirable
amount of signaling overhead is required to report the channel quality indicator (CQI) for the whole
bandwidth. On the contrary, reducing the size of CQI overhead detriments the downlink performances
and does not guarantee the quality-of-service (QoS) when real-time multimedia services are applied. As a
consequence, a tradeoff between CQI overhead and the downlink performances is presented in this paper.
Then, an Adaptive Threshold CQI Partial Feedback (ATCPF) scheme is proposed by using multi-objective
swarm intelligence to find the optimal feedback threshold. Based on an LTE system-level simulation, sig-
nificant enhancements of 20% and 38% in throughput and packet loss ratio (PLR) respectively are obtained
compared to a fixed threshold feedback. Since video flows are considered, a self-optimized partial feed-
back (SOPF) is further developed by using cross-layer optimization to guarantee QoS. The results show
that the feedback overhead is minimized at low-load network condition while maintaining the PLR be-
low its target. The proposed algorithm provides a high flexibility in responding to certain variations, and

it enables the cellular systems to support multimedia services.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Multiuser diversity is exploited to enhance system throughput
in wireless multiple-access communications. Such diversity is ob-
tained by using an opportunistic user scheduling for a frequency
selective shared channel [1]. Intelligent resource allocation with or-
thogonal frequency division multiple access (OFDMA) systems can
also be employed to further exploit the multiuser diversity [2,3].
For downlink transmission of long term evolution (LTE) cellular
systems, OFDMA has been selected as a multiple access scheme
due to its efficiency and low complexity [4]. In the frequency do-
main, the whole bandwidth is divided into several resource blocks
(RBs), each consists of twelve 15kHz subcarriers. Each RB can be
exclusively allocated to one user at a time. The allocation process
depends on the channel status of different users on that RB. In or-
der to maximize LTE downlink performances, the eNodeB should
have perfect channel state information (CSI) for all users with re-
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spect to the available RBs. Therefore, each user has to report its
channel quality via a 4-bit uplink word, which is called a chan-
nel quality indicator (CQI) [5,6]. The fullband CQI feedback scheme,
where each user reports the signal-to-interference-plus-noise ratio
(SINR) on each RB to eNodeB, is proposed [7]. Although CQI feed-
back requires only few bits per RB, it is still impractical in mod-
ern LTE cellular communications to let all users report the CQI
for all RBs. Specifically, the fullband CQI feedback scheme is not
spectrum- and energy-efficient due to the high signaling overhead
produced.

Therefore, several CQI reduction schemes are introduced. The
most well investigated scheme is a wideband CQI reporting scheme
[4]. By using this method, the mobile terminal has to generate one
averaged feedback to represent the quality of whole channel band-
width. Although this scheme produces the lowest signaling over-
head, the obtained averaged CQI does not reflect the real chan-
nel status for all RBs and, thus the opportunistic frequency domain
scheduling is no longer possible. Other optimized feedback method
is the best-M CQI [8,9]. In this scheme, the user equipment (UE)
reports back the RBs that have the highest CQI values, as well as
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the location indices of these best-M RBs, where “M” is a design
parameter to specify the number of RBs with the highest CQI. Al-
though low value of “M” reduces the feedback signaling overhead,
it degrades system throughput [10]. Further reduction in feedback
information size can be obtained by using a threshold based CQI
reporting scheme [11,12]. In this scheme, a UE will be able to re-
port three values; the first and second values represent the aver-
age CQIs of the RBs with SINR higher and lower than a certain
threshold relative to the highest measured CQI. The third one is a
bit mask which indicates the location of the RBs included within
the first averaged value. The best threshold value is between 4 and
5dB as shown in [13]. A hybrid of best-M and threshold based
feedback schemes was developed by the authors in [14]. However,
it was observed that the hybrid scheme has the signaling overhead
as the pure threshold based CQI feedback [15]. For LTE systems,
a subband-level CQI feedback scheme is specified [16,17]. In this
scheme, the channel bandwidth is divided into Z subbands such
that the UE feeds back one CQI word per each subband. The num-
ber of subbands (Z) is a design parameter to optimize the overall
system performances. More considerable work on the joint anal-
ysis between frequency domain scheduling and feedback schemes
has also been achieved in [14,18,19]. The authors have analyzed the
throughput obtained by both best-M and threshold based feedback
schemes with different packet schedulers. The throughput of pro-
portional fair (PF) with fullband and partial feedback was studied
and analyzed in [20]. In addition to CQI, the precoding matrix in-
dicator (PMI) and rank indicator are also required to be reported
by a UE to eNodeB when MIMO antenna systems are considered
[21-23], however, they are out of the scope of this paper.

While CQI feedback overhead reduction is crucial, especially in
a multiple-access frequency selective channel, the CQI value pro-
duced by the aforementioned feedback schemes does not repre-
sent the actual SINR of all RBs and, thus, the system performance
will be degraded in two folds [18]. First, degradation can be ob-
tained when the reported CQI is less than the actual CQI In this
case, the eNodeB transmits at a lower rate corresponding to the
reported averaged CQI and, therefore, system throughput will be
decreased. The second degradation is produced when the reported
CQI is larger than the actual SINR of the n-th RB. This case will
let the eNodeB to transmit with a modulation and coding scheme
(MCS) larger than the threshold which leads to a failed decoding
process. Failure in decoding the resource elements on that RB will
cause an outage, and the resulted throughput will be 0 on that RB.
Although most of the state-of-the-art CQI feedback schemes trying
to reduce the impact of feedback reduction on downlink perfor-
mance, more enhancements are required to optimize CQI overhead
with minimum outage and throughput loss, which is the scope of
this paper.

In this paper, different CQI feedback schemes are presented and
compared. Then, an Adaptive Threshold-based CQI Partial Feed-
back (ATCPF) scheme is adopted by using a multi-objective par-
ticle swarm optimization (PSO). The ATCPF aims to find the opti-
mal SINR threshold value at every CQI reporting interval, which is
a multiple of transmission time interval (TTI). The optimal thresh-
old value will achieve minimum CQI overhead and outage capacity
while maximizing the system throughput in downlink transmis-
sion. Since the overhead can be minimized at the cost of through-
put and outage capacity, simple additive weight (SAW) algorithm is
used to find the best threshold alternative produced by these con-
flicting criteria. It seems that the method of SAW is a multi-criteria
decision making methods that used for weight determinations and
preferences. In addition to its simplicity in implementaton, the ad-
vantage of SAW method is that it is a proportional linear transfor-
mation of the raw data. It means that the relative order of magni-
tude of the standardized scores remains equal [27]. Among other
heuristic methods, PSO is also used to determine the optimal SINR
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Fig. 1. System model.

threshold value that achieves the best tradeoff between uplink sig-
naling overhead and downlink performances. PSO is used in the
proposed algorithm because it has less control parameters to be
tuned by the user, and thus, its computational burden is relatively
low. Furthermore, it provides fast convergence [28].

By using a hybrid of PSO and SAW, the impact of overhead re-
duction can be adapted according to many parameters, e.g. net-
work load condition. Furthermore, the impact of the ATCPF algo-
rithm on the quality of service (QoS) is highlighted. Then, a Self-
Optimized Partial Feedback (SOPF) algorithm is developed by using
cross-layer optimization. In this algorithm, the amount of feedback
overhead is controlled such that the QoS parameters will not be
forfeited.

The rest of the paper is structured as follows. In Section 2, the
system model and problem formulation are discussed. In Section 3,
the proposed adaptive threshold based CQI feedback scheme is
demonstrated. The self-optimized partial feedback is explained in
Section 4. Section 5 is then emphasizes the computational com-
plexity of the proposed algorithm. Then, the performance evalua-
tion and discussion is conducted in Section 6. Finally, the conclu-
sion will be drawn in Section 7.

2. System model and problem formulation
2.1. System model

In this paper, an eNodeB serving K users is considered as shown
in Fig. 1. The physical resources are multiplexed between users
in time and frequency domain. The allocation of RBs depends on
the channel experienced by each user. The channel behavior across
those RBs are assumed to be independent and identically dis-
tributed [18,24]. In order to achieve opportunistic scheduling and
resource allocation, each user should report a CQI back to the eN-
odeB. As shown in Fig. 2, the CQI generation process starts by esti-
mating the SINR for all allocated subcarriers at the receiving termi-
nal by using an appropriate channel estimation technique. Consid-
ering that the subcarriers belonging to nth RB are transmitted over
a flat fading channel. Then, the SINR, will be mapped into discrete
values which represent the index of CQI by quantization steps as

CQlgg(n) = QStepyp * floor(% 0.5) (1)

The CQI quantized values are reported to the eNodeB either pe-
riodically or aperiodically. The periodicity and frequency resolution
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to be used by a UE to report the CQI values are controlled by the
eNodeB. The periodic CQI reporting is attained through the Physi-
cal Uplink Control Channel (PUCCH), while the aperiodic reporting
is attained through the Physical Uplink Shared Channel (PUSCH)
by using a specific reporting scheme. The CQI reporting delay is
assumed to be negligible [18]. According to the reported CQI quan-
tized values, packet scheduling and resource allocation will be per-
formed at the eNodeB.

Since video flows are considered, the Modified Largest
Weighted Delay First (M-LDWF) scheduler is used to guarantee
packet delivery within a certain deadline to avoid packet drops.
The related scheduling metric is expressed as

IOg gk Tnk
my i o Dyo, - R, (2)
where ¢ is the maximum probability that the delay of the head
of line (Dyoy,) packet exceeds its delay threshold (zy), 1y is the
instantaneous rate that has been achieved by user k hosting the
n-th flow, and R, is the average data rate.

2.2. Problem formulation

The CQI generation process starts by estimating the SINR for all
allocated subcarriers at the receiving terminal by using an appro-
priate channel estimation technique. Considering that the subcarri-
ers belonging to nth RB are transmitted over a flat fading channel.
Then, the SINR, will be mapped into discrete values which repre-
sent the index of CQI by quantization steps as

SINRgp (1)
CQlys(n) = QStepys * floor( ST 0.5)

The feedback overhead becomes a more serious problem in
multichannel systems like OFDMA systems that have tens of shared
channels. If every active user sends feedback data for all chan-
nels, it consumes a lot of uplink bandwidth [14]. For example, an
emerging system in Korea, the IEEE 802.16e-based WiBro system
is expected to encounter this problem in the AMC mode.2 If each
user sends the feedback on the states of its 24 channels, the total
amount of CQI becomes very large [14].

The basic feedback scheme introduced by the third generation
partnership project (3GPP) for LTE systems is the fullband CQI
scheme. In this scheme, the CQI per each RB is reported to the eN-
odeB.Therefore, the feedback signaling overhead (¢) produced by

(3)
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Fig. 3. Subband-level CQI reporting scheme.

using this scheme is calculated as
¢ =Ngg xS (4)

where Ngp is the number of RBs, and S is the number of bits re-
quired to represent the CQI indexed value, i.e. 4-bits are required
to represent CQI for LTE cellular networks. Such signaling overhead
is relatively high, especially when all users have to report their
channel quality periodically at every CQI reporting interval. To re-
duce the size of CQI overhead, many schemes have been investi-
gated in the literature as explained below.

2.2.1. Subband-level [16,17]

Instead of reporting one CQI per each RB as in the full band re-
porting scheme, a CQI word is reported per each channel subband
which represents more than two contiguous RBs as shown in Fig.
3. The reported CQI represents the effective SINR of user k for the
subband z (VZ{ ! ) which is calculated by using the effective expo-
nential SNR mapping (EESM) as [25] (Appendix A)

1 Yn,
vl = —Aln (z 3 exk> (5)

neRBs

where A is a parameter that is empirically calibrated for each MCS.
The size of signaling overhead required to report CQI for Z sub-
bands is

¢sub =S5xZ (6)

2.2.2. Threshold-based feedback scheme [11]

Further overhead reduction can be achieved when threshold-
based feedback scheme is used. The users report the CQI values
for RBs which are included within a threshold relative to the high-
est measured CQI together with the corresponding positions. First,
the best RB within the full bandwidth is identified with its corre-
sponding CQIL The highest CQI value represents the upper bound
of the considered threshold window, which embeds the RBs with
the best CQI values. The size of the threshold window is a design
parameter to be decided by higher layers. Then, the CQIs of the
best RBs are reported as a single averaged CQI value (S bits), to-
gether with a bit-mask for the whole RBs (Ngg) which indicates
the position of the reported RBs. Moreover, the remaining RBs are
also reported as a single averaged CQI value (S bits). Therefore, the
signaling overhead required when using threshold-based reporting
scheme is

Qenr = 25+ Ngg (bits) (7)

Although the feedback reduction scheme is crucial for uplink
transmission, it causes a performance degradation throughout the
downlink transmission. Specifically, the throughput will be reduced
due to wrong scheduling decision (outage), and lower rate trans-
mission [18]. Therefore, a tradeoff between CQI overhead, through-
put and the outage capacity will be emphasized in this paper. Fur-
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thermore, the impact of the proposed algorithm on the QoS will
also be highlighted.

3. Adaptive threshold CQI partial feedback (ATCPF)

Two averaged values, as those reported by a fixed threshold
scheme, may not be sufficient to express the status of the whole
channel bandwidth, especially when the channel suffers from deep
selective fading. Accordingly, we proposed that the RBs with SINR
higher than the specified threshold to be reported individually due
to their significance compared to RBs with low SINR. However,
huge signaling overhead can be obtained when most of reported
RBs are within the threshold window. On the contrary, one aver-
aged word for the low-quality RBs may not be sufficient to express
the quality of the channel when most of the RBs have CQI less than
the threshold. Therefore, finding the optimal threshold at each CQI
reporting interval is crucial to maximize the downlink throughput
and minimize the outage capacity. The ATCPF scheme searches for
the optimal threshold such that it can be adapted according to the
reported channel conditions to maximize the downlink throughput
while keeping the outage and feedback overhead as low as possi-
ble. This method will fnd the best balancing between uplink over-
head and the downlink performances. Moreover, it the first work
that considers the outage capacity of the RBs with CQIs less than
the threshold value.

At each CQI reporting interval, a PSO algorithm is used to find
the optimal threshold at which the overall system performances
will be optimized. The PSO is a population based computational
method that was developed by Kennedy and Eberhart [26]. It is
inspired by a social behavior of swarms such as ants marching or
bird flocking. PSO maintains swarm of particles, each represents
a candidate solution to the optimization problem. These particles
are flown with specified velocity and direction through a search-
space. The particles’ positions are iteratively accelerated towards
an optimum solution according to their own best positions (per-
sonal best) and that encountered by their neighbors (global best).
The performance of each particle is evaluated according to a pre-
defined fitness function which is related to the given problem. To
find the optimal threshold for the proposed CQI reporting scheme,
the following parameters will be identified.

3.1. Fitness function

It represents the objective function of the problem being solved.
For the proposed CQI reporting scheme, the fitness function con-
sists of three conflicting criteria, namely, throughput, CQI overhead
and the outage capacity. The throughput achieved by the downlink
transmission needs to be maximized. However, throughput max-
imization can be achieved when the most accurate CSI is avail-
able at the eNodeB and, thus, more signaling overhead is required.
Reducing the CQI signaling overhead will increase the probability
of transmitting the corresponding RBs with MCS higher than its
threshold and, consequently, the wrongly decoded RBs will be in-
creased. Therefore, the downlink throughput considered as a ben-
efit criterion, while CQI overhead and outage capacity are consid-
ered as cost criteria. Simple Additive Weighting (SAW) [27] method
is used to formalize the fitness function. By using SAW method, the
multi-objective fitness function can be changed into a single objec-
tive function by simply adding the competing criteria resulted from
each alternative. Moreover, the considered performance criteria can
be prioritized by setting a priority weight associated with each cri-
terion according to cellular operator preferences. Mathematically,
the fitness function can be formulated as

B

mfixzwab(i) = WiR(D) + w29 (i) + w3 (i) (8)
b=1

where f{i) represents the performance of the competitive criteria
resulted by i-th particle in the search space, and w is the weighting
parameter which is usually normalized as

B
Zwb =1. (9)
b=1

Since the three criteria are different and conflict to each other,
the normalized criteria will be considered to make them dimen-
sionless and comparable according to whether they are benefit or
cost criteria, i.e. the throughput is normalized as in (10), while the
overhead and outage capacity are normalized as in (11)

Rall) = (10)
N ¢max
dnli) = 575 (11)
Therefore, the fitness function is
B
ml.élXZbeb(i) = W1 Rn (i) + Wan (i) + w3 (i) (12)

b=1

3.2. Search space (swarm)

It is the space that embeds all the feasible solutions. Mainly, the
search space is upper-bounded by the best experienced SINR, and
lower-bounded by the worst experienced SINR. Then, the search
space for the optimal threshold value will be between these two
values, i.e.

D(i) = (¥max> Ymin) (13)

3.3. Swarm size

The swarm size, or population size (P), represents the number
of feasible threshold values (particles) inside the search space. Af-
ter determining the search space, a number of threshold values
within the search space are randomly generated. A large swarm
size may reduce the number of iterations required to get the op-
timal threshold value. However, it will increase the computational
complexity per iteration. In our algorithm, the candidates for SINR
threshold values are chosen to be uniformly distributed within the
swarm, and they are listed as below

D(i)
<Vmax - P) s

D(i)
2 x (Vmax - ),
P
(14)

P<Vmax - D(Pl)>

3.4. Neighborhood topology

It determines the method of interaction between the particles
in the swarm and influences their movements. In this paper, a star
social topology, where each particle can be influenced by social in-
formation obtained from all the particles in the entire swarm, is
considered. This method is called a global best PSO, or Gy PSO,
which is summarized by a flowchart as shown in Fig. 4. In our
proposed algorithm, each SINR threshold candidate value in the
swarm y; has a current position x;, a current velocity v;, and a
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Fig. 4. Flowchart of global best PSO.

personal best position in the search space Py ;, which represents
the maximum weighted sum achieved by the objective function for
the particle i. The largest value amongst all the personal best Ppeg
is called the global best Gp,.;; which represents the best threshold
value obtained by the current iteration. In order to find the opti-
mal threshold value that maximizes the fitness function, Ppeg; and
Gpest are updated respectively at each iteration as follows
r
¢ _ Pbest,i
best i X?H

it f(x+) <P
if f(x*h>pt

est i
(15)

est,i

Gb@Sf = Mmax {Plgest.i}

After updating the Pp. and Gy, for particle i at iteration ¢, the
CQI threshold value will update its current position xlf to a new

one x*1 as follows

t+1 _ ot t+1
X =X+ (16)

where vl“ T is the velocity that drives particle i toward best and
global positions as

U = 0 4 o [ Plogy s — X0 ] + o1 Grese — X ] (17)

As in (17), the update of the particle’s velocity can be controlled
by three components

1. The inertia component, which is characterized by v%. This com-
ponent provides the last movement direction for each SINR
threshold value y; to prevent it from drastically changing di-
rection.

2. The cognitive component, which is denoted by clrﬁ[Plgest’i -]
This component will measure the performance of each thresh-
old candidates relative to previous performance. In this case,
the particles can retrieve their best position that satisfies them
during the past iterations.

3. The social component which is characterized by c,r5[Gpest — xl?].
With the aid of this term, the algorithm can measure the per-
formance obtained by each threshold value with respect to the
performances obtained by its neighbors. In this case, the veloc-
ity and position of this particle y; can move towards the best
position obtained by the particle’s neighbors.

The cognitive and social components can be differentiated by
the weighting parameters ¢; and ¢y, which control the relative im-
portance of particle’s private experience versus swarm'’s social ex-
perience. Normally, the values of ¢; and ¢, can be found empiri-
cally to optimize the search ability of the algorithm by moving the
new position of y; either towards its own previous best position
or the globally best position [28]. In particular, better global explo-
ration inside the swarm space can be obtained when c; and c, are
chosen to be higher values, but it may cause algorithm divergence.
On the other hand, refined local search around the best position
can be obtained when c; and c, are small values; however, a large
number of iterations are required to find the optimal SINR thresh-
old value.

Different empirical studies suggest that the two accelerating
components should be c¢; =c, =2, which gives reasonable results
for certain applications [28]. Nevertheless, an enhanced approach
for optimizing particles’ movement in the search space was pro-
posed by Shi and Eberhart [29] as described by (18). In this ap-
proach, which is already considered in this paper, a linearly de-
creasing inertia weighting parameter is multiplied by the velocity
term to control the movement of the particle. By initializing the
weighting parameter with a high value (from 0.9 to 1.2), the parti-
cles will quickly explore the global optimal space. Then, the inertia
weight will gradually decrease to a small value (from 0.1 to 0.4) to
refine the search process around the optimal region. Therefore, the
velocity equation shown by (17) is rewritten as follows

1
VT = Wy 4 o1 [Pleg i — X4 + a7 [ Goest — X1 (18)

where w, represents the inertia weighting parameter.
4. Self-optimised partial feedback (SOPF)

The improved cellular networks were designed to meet the con-
tinuously increasing demands for wireless data traffic. This means
that the LTE QoS, which is based on the evolved packet system
(EPS) bearer model, must be top notch. An EPS bearer is a virtual
traffic channel to be created between a UE and a gateway for ev-
ery differentiated traffic flow. Based on its QoS requirement, an EPS
bearer can be classified as either a default or a dedicated bearer.
The default bearer is assigned once a UE is connected to an LTE
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Table 1
LTE QoS parameters.
QCl  Type PDB[ms]  Packet error ~ Example service
rate (PER)
1 GBR 100 102 Conversational voice
2 GBR 150 103 Conversational video
3 GBR 300 106 Non-conversational video
(buffered streaming)
4 GBR 50 103 Real time gaming
5 Non-GBR 100 106 IMS signaling
6 Non-GBR 100 103 Voice, video, interactive gaming
7 Non-GBR 300 10-6 Video (buffered streaming)

network. This bearer can offer only a best-effort service between
a UE and a gateway. When a guaranteed bit rate (GBR) service is
applied, e.g. real-time voice or video application, a dedicated EPS
bearer is assigned in order to give an appropriate treatment to spe-
cific services. A set of QoS parameters is associated to each bearer
to be distinguished from other bearers, such as bit rate, packet
delay budget, packet loss ratio, and scheduling policy. According
to these parameters, each type of traffic flows will be prioritized
over the others by assigning a specific QoS class identifier (QCI) as
shown in Table 1.

Table 2
Pseudocode of SOPF algorithm.

In the radio link control layer, the internet protocol packets will
be processed and delivered to the packet data convergence proto-
col (PDCP) layer. However, some of the packets will not be deliv-
ered successfully and will be dropped because of several reasons:

- Expiration of the delay deadline (7;) of the head-of-line (HOL)
packet in the medium access control queue;

- The filled MAC buffer, which blocks the arrived packets until a
few of the packets are processed and free space for the new
packets is obtained; and/or

- The physical errors caused by transmission channel.

However, the best case configuration should feature a high flex-
ible QoS framework to withstand current limitations and future
challenges. One of the current limitations of the partial CQI feed-
back scheme proposed in the previous section is that it will not
guarantee the QoS when GBR traffic is used. It is shown that SINRs
averaging for the entire bandwidth RBs will increase the number
of RBs that are decoded incorrectly and, thus, the PLR will be in-
creased. In order to guarantee QoS requirement per each bearer
and maintain user satisfaction, the PLR should be kept below its
target (PLRyy). Therefore, the SOPF algorithm is developed such
that the weight parameter per each objective is tuned following
the current network condition to guarantee QoS.

The SOPF algorithm starts by initializing the swarm to be con-
sisting of a uniform distribution of SINR threshold values. The PSO

SOPF algorithm

1: Initialization: c;, ¢, wy, Aw,, iteration

The swarm is initialized with uniform distribution of y 4, between ¥ max and ¥ max

while time < Simulation time do

for it:=1: specified number of iteration do

for n:=1: RB-size (N) do

2
3
4: for i:= 1: Swarm-size (P) do
5:
6 If Yin> Vmax~Y thr then
7

Update the overhead,
d(x)< (Pp(x)+1)xS+ S

8: else
9: find yayg of RBs with ¥ < ¥ max- thr
10: if Yayg > Vin then
11: Update the number of RBs in outage,
p(n)« o(n)+1
12: end if
13: Map y;, to corresponding MCS (Table 7.2.3-1 in [4])
14: Map MCS to corresponding Block size according to Transport Block size [4]
15: Rin =TBS(mcs)
16: Update the throughput, R(n)= R(n)+ Ri,
17: end for
18: Calculate the weighted fitness, f(x,w) as (12)
19: Ppes is updated according to (15)
20: Gpest is updated according to (15)
21: Position and velocity are evaluated as new population based on (18)
22: fitness is computed for new population
23: end for
24: wy = w, - (Aw, [ iteration)
25: end for
26: if SINRayg ( SINRy or if Doy ) 7; then
27: Update dropped Packets, Py < Py +1;
28: end

29: Calculate PLR
30: if PLR > PLR, then

31: w; < Wi+ Aw;
32: Wy < Wy + Aw;
33: W3 < w3 - Aw;
34: else

35: Wy <~ Wy - Aw;
36: Wy < Wy - Aw;
37: w3 <~ W3+ Aw;
38: end

39: Update w;, w, and ws
40: end
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MME/GW

MME/GW

Fig. 5. The proposed network topology.

starts the first iteration by examining the best SINR threshold value
in terms of the tradeoff between uplink signaling overhead and
downlink performances; i.e. downlink throughput and outage ca-
pacity. This tradeoff is achieved by using SAW after initializing the
priority weight per each objective function. Once the PSO finds
the best threshold, a new population of the swarm is generated,
and the second iteration starts to find the new best threshold
value. This operation continues until the algorithm converges or
the number of iterations is over. After that the SOPF algorithm will
trigger the UE to tune the priority weight according to the PLR ob-
tained after each transmission interval. If the obtained PLR is less
than PLRyy, the CQI overhead will be prioritized over the other
criteria. On the contrary, if the obtained PLR is larger than PLRqr,
the priority weight corresponding to outage capacity will be max-
imized over the others. The serving eNodeB informs the UE about
the resulted PLR at the current TTI via a 1-bit PLR status indicator
(PSI) within the physical downlink control channel (PDCCH). When
the resulted PLR is still below the acceptable threshold, the PSI is
set to (0), and SOPF will increase the priority weight of uplink sig-
naling overhead. Otherwise, the PSI is set to (1), and the SOPF will
increase the priority weight of downlink parameters. Such flexible
design will optimize the network performance by simply adjust-
ing one parameter. According to the aforementioned procedure, the
pseudo code of the SOPF algorithm is described in Table 2.

5. Complexity analysis

For the SOPF algorithm at the UE side, the main computational
complexity of finding the optimal SINR threshold is related to the
computations of PSO. In spite of its popularity, the PSO suffers
from high computational complexity and high convergence time.
Increasing the number of particles will decrease the convergence
time, but it increases the computational complexity. Specifically,
the number of operations required for a complete run of PSO algo-
rithm is the sum of computations required to calculate the fitness
function of a candidate solution and the computations required to
update the position and velocity of each particle. Thus, three main
things are required to be taken into account to minimize the com-
putational complexity.

- Simplify the fitness function.
- Minimize the number of particles.

Table 3

Simulation parameters.
Scenario
No. of cells 19
Radius of cell (km) 1
Minimum no. of users per cell 3
Maximum no. of users per cell 30
Increased-step number of users 3
Number of simulations 20
Simulation time (s) 120
OFDM
Carrier frequency (GHz) 2GHz
Bandwidth (MHz) 10
No. of RBs 50

Mobility model Random direction
Speed (km/h) 3

Channel model

Environment Macrocell with urban area

Shadowing Long-normal distribution
(mean=0, standard deviation= 8 dB)
Penetration loss (dB) 10
Thermal noise (No) (dBm) -174
Traffic-video
Source Video trace file
Encoder H.264
Bit-rate (kbps) 242

150 (See Table 1)
0.1 (10%) [30]

Packet delay budget (ms)
Target packet loss ratio

- Minimize the number of iterations.

In the SOPF algorithm, the computations of fitness function are
already minimized such that only simple mathematical operations
are included. From lines 5-16 of algorithm shown in Table 2, it
is shown that the number of operations required to calculate the
fitness function per each particle is (3 x Ngg). On the other hand,
minimizing both the number of particles and the number of itera-
tions reduces the computational complexity but it may reduce the
algorithm accuracy. Therefore, in SOPF, we first proposed to mini-
mize the swarm size to not exceed 10 particles, and examined the
algorithm under a different number of iterations. In the next sec-
tion, it is shown that the results produced by using 20 iterations
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Fig. 6. Throughput vs number of iterations.

are slightly different from that produced by using a higher num-
ber of iterations. Therefore, the number of iterations is minimized
to a value at which the difference in the obtained results is not
significant. In terms of the complexity notation, the computational
complexity of SOPF algorithm is O(t)+0(1)=0(t), where t repre-
sents the number of iterations.

6. Simulation setup and performance evaluation

In this paper, a system-level simulation is performed by us-
ing the discrete event-driven LTE-Sim [30]. The simulated network
topology is composed by a set of cells and network nodes (includ-
ing eNodeBs, one or more Mobility Management Entity/Gateway
MME/GW, and UEs), distributed among cells. The details of each
node is explained in [30]. The considered scenario consists of 19
cells with up to 30 users moving along random paths within the
central cell. The simulation is performed only in the central cell,

900 ) )
W5 iterations

300 W 30 iterations

700
600
500
400

300

Executional Time (Sec)

20

o

10

o

W 10 iterations
W 50 iterations

while the other 18 cells are considered as generators of interfer-
ence as shown in Fig. 5. Real-time guaranteed bit rate video flows
are considered. A trace-based H.264 video file is used to gener-
ate the video flows [31]. The simulation parameters are listed in
Table 3.

In this section, the performance of the proposed ATCPF algo-
rithm is evaluated and compared with four of the state-of-the-art
LTE feedback schemes, which are the full feedback, wideband feed-
back, subband-level feedback, and fixed threshold feedback. More-
over, different performance results are obtained when a different
priority weight assignment is applied. First of all, the ATCPF with
equal priority (ATEP) is evaluated and compared with the bench-
marks. Then, the performance of the ATCPF is further evaluated
when either feedback overhead (ATOhP), the outage (ATOP), or
throughput (ATTP) is given the highest priority.

Since an iterative intelligent algorithm is used in our simula-
tion, the number of iterations is an important parameter to be de-
fined such that the computational complexity is minimized. There-
fore, the system-level simulation is performed with different num-
ber of iterations to find out the minimum number of iterations re-
quired such that the system performances will be acceptable. From
Fig. 6, it is shown that the worst throughput is achieved when the
number of iterations is very low, e.g. 5 iterations. While the num-
ber of iterations is increasing, the system throughput is improved
significantly. However, it is shown that a high number of iterations
of more than 20 will not result in a significant improvement in
system performance. On the other hand, Fig. 7 shows the of time
required to execute the developed algorithm for different number
of iterations. The algorithms are implemented by using the sys-
tem level simulator (LTE-sim) on an Intel Core-i7 3.6 GHz based
personal computer running Linux-Ubuntu operating system. In
Fig. 7, the time required to simulate 100 of 10ms LTE frames
is computed. It is shown that the executional time is clearly in-
creased when the proposed SOPF is implemented with the number
of iterations of more than 20. Therefore, the number of iterations
in our simulation is chosen to be 20 in order to not increase the
computational and time complexity.

&l 20 iterations
90 iterations

- ||ﬁ|| IIHI‘ I|E|‘ || || || ‘| Il || Il |‘ I‘ |‘ “ |‘
3 6 9 12 15 18 21 24 27 30

Number of UEs

Fig. 7. Executional time vs nomber of UEs.
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In a subband-level feedback, three different subband levels
are examined, which are Subband-4 (Z=4 subbands), Subband-6
(Z =6 subbands), and subband-8 (Z =8 subbands). Throughout this
simulation, a significant overhead reduction of 84% can be obtained
by using subband-4 compared to FFB as shown in Fig. 8(c). In this
scheme, the entire channel bandwidth is divided into four sub-
bands, each reports one CQI value which represents the averaged
SINR of the entire RBs. Although, the throughput and packet loss
ratio are improved compared to wideband feedback, the subband-
level scheme is not an efficient solution for LTE cellular systems
because of the relatively high loss in throughput compared to FFB,
which is up to 63% when subband-4 is used as shown in Fig. 8(a).
The downlink performances can be more improved when the num-
ber of selected subbands is increased. Particularly, when the chan-
nel bandwidth divided by eight subbands (subband-8), the PLR
and throughput are enhanced as shown in Fig. 8(a and b) respec-
tively. In other words, the more the number of channel subbands,
the more robustness to fading of frequency selective channels,
and the more gain in downlink performances at the cost of CQI
overhead.

Unlike subband-level scheme which reports the averaged CQI
values of RBs belonging to subband without considering their sig-
nificance, the fixed threshold scheme proposes to report the av-
eraged CQI value for the RBs belonging to the threshold window
and reports another averaged value for remaining RBs. This scheme
improves the throughput and PLR especially at a high number of
users because of multi-user diversity gain. It is shown in Fig. 9(a)
that the throughput achieved by a fixed 5 dB threshold based CQI
scheme is closed to that obtained by subband-8 at low and inter-
mediate traffic load. However, there is a 15% gain in throughput
when the number of users increases to 30. Moreover, the PLR is
reduced by 50% with a fixed 5 dB threshold compared to subband-
8 as shown in Fig. 8(b) and 7(b). This remarkable improvement in
downlink performances is obtained because the CQI words gen-
erated by the fixed-threshold based CQI scheme is more signifi-
cant in reflecting the quality of the channel than that generated by
subband-level scheme.

By using our proposed ATEP algorithm, a tradeoff between
throughput, PLR and CQI overhead is considered. It is shown
in Figs. 8 and 9 that the downlink performances are improved
over that obtained by subband-level and fixed-threshold feedback
schemes respectively with reasonable cost of feedback overhead.
At high traffic load of 30 users, ATEP achieves the maximum gain
in throughput of 40% compared to subband-8 (see Fig. 8(a)), and
20% compared to fixed 5dB threshold feedback (see Fig. 9(a)).
Moreover, the PLR is reduced by 69% compared to subband-8, and
38% compared to 5dB threshold feedback scheme as shown in
Figs. 8(b) and 9(b) respectively. For heavier-load network condi-
tion, the PLR still increases due to traffic conjestion and high inter-
user and inter-cell interference. Although the subband-level and
fixed-threshold feedback schemes outperformed ATEP in terms of
CQI overhead, it is shown in Fig. 8(c) that the overhead is re-
duced by 41% compared to FFB, which is considered reasonable
for such applications. By using our analytical model and the it-
erated PSO, the obtained optimal threshold window of CQI feed-
back leads to improve the objective function which aims to find
the tradeoff between throughput, outage capacity and overhead.
We further modified our analytical approach to provide unequal
fixed priorities for the conflicting objectives according to network
or user preferences. Fig. 10 compares the performance between the
approach with equal and unequal priorities. It is shown that the
throughput (Fig. 10(a)) and PLR (Fig. 10(b)) are maximized when
the outage capacity is given a maximum priority (ATOP), but at the
cost of signaling overhead (Fig. 10(c)) which performs the worst
among the others. In other words, ATOP searches for the thresh-
old value at which the outage is minimized and, thus, the PLR and
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gorithm.
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feedback scheme.

throughput will be maximized. However, the CQI signaling over-
head is reduced to the lowest possible when it is given maxi-
mum priority (ATOhP) at the cost of throughput and PLR as shown
in Fig. 10(a,b, and c).

In order to find the best solution in terms of overall system
metrics, a weighted product model (WPM) [32] is used to compare
between our scheme and the other aforementioned schemes. Since
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Fig. 10. Performance comparison between equal and unequal weight priorities for
the proposed algorithm.

the throughput represents a benefit criterion while the PLR and
overhead represents cost criteria, the overall feedback optimization
product (FOP) can be represented as

FOP, = Vk e K (24)

pars ¢k X PLRk ’
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Fig. 11. A comparison of FOP between the proposed algorithms.

It is shown in Fig. 11(a) that the ATOP scheme can give
the best FOP compared to ATEP, ATTP, and ATOhP. Further-
more, ATOP gives the best FOP compared to both subband-level
scheme (see Fig. 11(b)) and fixed threshold based scheme (see
Fig. 11(c)). In other words, the ATOP scheme can achieve the
best tradeoff between CQI signaling overhead and LTE downlink
performance.

For the SOPF Algorithm, we modified ATEP algorithm to have an
adaptive priority weight assignment by using cross-layer optimiza-
tion. This optimization aims to guarantee QoS of different real-time
multimedia services by adapting the priority weight according to
targeted PLR. Fig. 12 compares between the performance of the
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Fig. 12. Performance comparison between fixed and adaptive weight priorities for
the proposed algorithm.

proposed approach when the fixed and adaptive weight assign-
ments are used. It is shown that the signaling overhead can be
minimized as long as the PLR below its target. Once the number of
users increases to more than 15, the PLR starts to increase to more
than its threshold due to high traffic load and, thus, the weight pri-
ority is given to outage and throughput rather than the overhead.
Particularly, more signaling overhead is required when the num-
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ber of users increases to enable frequency scheduling. Otherwise,
wrong scheduling decisions will be made by eNodeB which lead to
increasing the number of dropped packets due to wrong decoding
process.

7. Summary and conclusion

Reducing the amount of CQI signaling overhead is crucial for
saving energy and bandwidth of a UE. However, the reduction
in channel feedback information results in downlink performance
degradation, and might sacrifice the QoS when real time multime-
dia services are targeted. In this paper, the relationship between
CQI overhead and LTE downlink performances was analyzed. It
is revealed that the more signaling overhead to report the chan-
nel quality at the uplink, the more throughput can be achieved
at the downlink transmission with less outage capacity. Accord-
ingly, the ATCPF algorithm is developed to find the best tradeoff
between uplink and downlink performances by using a hybrid of
swarm intelligence and SAW. Based on the system level simula-
tion, the ATCPF algorithm has achieved the best FOP compared
with the fixed-threshold and subband level feedback schemes, es-
pecially when the maximum priority is assigned to the outage ca-
pacity (ATOP). Moreover, the SOPF algorithm is proposed to guar-
antee QoS for video traffic. It is shown that the signaling overhead
can be minimized to the lowest possible as long as the video flows
are correctly received by UEs. The developed scheme provides a
high flexibility in responding to various network conditions with-
out applying complicated modifications. Generalizing the proposed
algorithm for real-time applications other than video streaming is
possible as long as the QoS parameter is specified. For non-real
time traffic, the QoS constraint will be relaxed for the benefit of
other system performances. In addition to CQI feedback, the pre-
coding matrix and rank indicators are also required to be incor-
porated in the future work when MIMO-based LTE systems are
investigated.

Appendix A

The EESM mapping is derived from the Chernoff union bound
for bit error rates [33]. The probability of error Pe for Binary Phase
Shift Keying (BPSK) transmission over an AWGN channel is given
by

Pe(yz.d) =Q (‘/jyz) (A1)

where d is represented the symbol distance and assumed to be 1
and y; is indicated the SINR,. In order to find the upper bounded
SINR;, the Chernoff union bound will be carried out according to

P(y,, 1) <e? (A.2)

For the purpose of transmissions over N AWGN channels, the
probability of given at least one error will be as

zZ zZ
P=1-[]A-P@))~) e ” (A3)
z=1

z=1
The result is the error rate for a block of Z REs, each of which
consists of different symbols. Therefore, the target is to achieve an
SNRgjr value y o equivalent to Pe. Thus, in (A.5) yz=y ¢y so that

z
Re 70/ =% e (A4)
z=1
By solving the y ., Eq. (A.1) is rewritten as
12
Yeff = —anZe’VZ (A.5)

z=1

In order to find the Quadrature Phase Shift Keying (QPSK) the
same derivation can be made. QPSK is represented by 2 bits, then
the exponential ESM becomes as

1&
SINRgs = ¥y = —Aln 7 Z;e 7 (A.6)

where X is a parameter that is empirically calibrated for each MCS.
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