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RESEARCH ARTICLE

Link adaptation for wireless systems
Sang V. Tran and Ahmed M. Eltawil*

University of California Irvine, Irvine, CA, U.S.A.

ABSTRACT

To improve the robustness and reliability of wireless transmissions, two complementary link adaptation techniques are
employed: adaptive modulation and coding (AMC) at the physical layer and hybrid automatic retransmission request
(HARQ) at the medium access control layer. Because of their effectiveness in combating errors induced by the wireless
channel, AMC and HARQ are now integral components of most emerging broadband wireless system standards, for
example, LTE and WiMAX. Spectral efficiency (SE) as measured in bit per second per Hertz is one important parameter
used to characterize a wireless system for comparison between different systems or between different configurations of
the same system. This work provides a holistic approach of cross-layer optimizations with the intent of maximizing SE
by combining AMC and HARQ. It formulates closed-form equations for calculating the average SE for wireless systems
with the Rayleigh fading channel model. A new online algorithm is developed to optimize SE for both Rayleigh and non-
Rayleigh fading channel. Simulations using proven LTE model are performed to compare SE obtained from closed-form
equations and the developed algorithm for different system configurations. With the developed algorithm to determine how
many retransmissions required in addition to the initial transmission in advance depending on the current wireless channel
condition, the latency can be reduced up to 24 ms when sending the initial transmission and all of its retransmissions
sooner than waiting for retransmission requests as is done previously. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Wireless spectrum is a scarce resource, and how to use
this resource efficiently has been the main driving require-
ment for all past, current, and future standards [1,2]. To
obtain performance gains and to increase spectral effi-
ciency (SE) of a system, the dependency between differ-
ent protocol layers is often exploited to take advantage
of the opportunistic communications and the multitude
of operation modes available in the wireless link [3]. It
opens new dimensions for research in cross-layer design
and optimization.

The principle of adaptive modulation and coding (AMC)
is to adaptively change the modulation and coding for-
mat with the variation of the wireless channel [4]. The
receiver constantly measures the received signal-to-noise
ratio (SNR) and block error rate (BLER), selects an appro-
priate modulation and coding scheme (MCS) from the
available AMC set to meet the BLER requirement, and
reports that selection (known as channel quality informa-
tion (CQI)) to the transmitter through a feedback channel.

The transmitter uses the reported CQI in making its deci-
sion on using higher modulation scheme with higher bit
rates when the channel condition is favorable [5]. Because
of this benefit, AMC has become a de-facto standard at
the physical (PHY) layer for emerging broadband wireless
systems including 3GPP LTE [1] and WiMAX [2].

Furthermore, hybrid automatic retransmission request
(HARQ) is widely adopted as another link adaptation (LA)
technique at the medium access control (MAC) layer to
improve the robustness of the wireless link. In HARQ sys-
tems, the receiver employs ACK/NACK protocol to inform
the transmitter whether it receives the frame correctly or
with error. This paper focuses on incremental redundancy
(IR)-HARQ because of its effectiveness and popularity [6].
In IR-HARQ, the first transmission sends most systematic
bits by puncturing out selected forward error correction
(FEC) bits, and subsequent retransmissions send different
combinations of systematic and FEC bits [1].

It was shown in [5] that by combining AMC and
truncated ARQ, the SE can be improved under the pre-
scribed delay and error performance constraints. However,
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Liu et al. [5] did not take into account the progressive com-
bining gain of HARQ. The authors in [7] took the same
design approach as in [5] to evaluate the improvement
in bandwidth (BW) efficiency achieved by the aggressive
AMC with respect to the progressive combining gain in
IR-HARQ with each retransmission. Various AMC and
HARQ joint designs have been studied in literature focus-
ing on single-link performance [8–11].

The main contributions of this paper can be summarized
as follows:

(1) The paper generalizes the closed-form solution
derived in [7] for single-link to multi-link (multiple
antenna) systems in Rayleigh fading environments.

(2) This paper develops a new online framework to
calculate SE for both Rayleigh and non-Rayleigh
fading channels. This framework determines in
advance how many retransmissions required and
reduces the latency up to 24 ms when sending the
retransmissions sooner than waiting for retransmis-
sion requests as is done previously.

(3) The complexity of the algorithm is quantified, and
its performance is validated by simulation results.

(4) Simulation results are used to verify the increase in
SE when jointly optimizing AMC and IR-HARQ
for LTE system using both the closed-form and the
proposed iterative framework.

The paper is organized as follows: The previous work
is summarized in Section 2. The multiple-input multiple-
output (MIMO) system model for AMC and IR-HARQ
cross-layer optimizations (CLOs) design is described in
Section 3. The CLO problem for algorithm develop-
ment applicable to any wireless system is formulated in
Section 4. The closed-form equation for joint AMC and
IR-HARQ optimized design is developed in Section 5. An
optimized algorithm to solve the problem formulated in
Section 4 is described in Section 6. SEs of different sys-
tem configurations are compared in Section 7. Finally, the
paper’s main points are concluded in Section 8.

2. PREVIOUS WORK

For Rayleigh fading channel, [7] and the references therein
derived a closed-form equation to calculate SE for a sin-
gle link. The idea is to partition the overall SNR range into
.M C 1/ non-overlapping consecutive intervals, with SNR
boundary points denoted as f�mgMmD0; that is, mode m is
chosen when � D Œ�m; �mC1/. For closed-form solution,
it is necessary to perform curve fitting the BLER into the
exponential expression a� exp.�g��/ where a and g are
determined from the simulation results for each mode and
each retransmission. The boundary points are then deter-
mined from the BLER and satisfied the packet loss con-
straint. The probability of selecting mode m is calculated

from the following equation:

Pr.m/D

�mC1Z
�m

p� .�/d� (1)

where p.ı/ is the probability density function (p.d.f.). The
average BLER NPm;n corresponding to the nth retransmis-
sion of mode m is

NPm;n D

�mC1Z
�m

am;ne
�gm;n�p� .�/d� (2)

where m defines mode index, m D 1; 2; : : : ;M , and
n defines retransmission index, n D 1; 2; : : : ; N , where
n D 1 is the initial transmission. The average BLER of
the nth retransmission can be calculated as expressed in
Equation (3) where Rm is mode m rate in bits/symbol.

NPn D

MP
mD1

Rm NPm;n

MP
mD1

Rm Pr.m/

(3)

The average number of retransmissions per block is then
calculated as

NN D 1C

N�1X
iD1

iY
kD1

NPk (4)

NN in Equation (4) can be a fractional number that will
contribute to the difference between the theoretical result
and the algorithmic result, which only allows for an integer
number NN . Finally, the average SE as a function of number
of retransmission NN is determined by

Se.N /D
1

NN

MX
mD1

Rm Pr.m/ (5)

3. SYSTEM MODEL

Figure 1 depicts a MIMO system model with Nt trans-
mit antennas and Nr receive antennas. The transmitter and
receiver include a joint AMC and HARQ controller as one
of its components [5]. The PHY layer constructs incom-
ing MAC frames into PHY frames and transmits to the
receiver through an air interface. The receiver estimates
the channel based on the received SNR and BLER, and
reports the CQI back to the transmitter. If the MAC layer
receives a frame in error, the receiver’s HARQ controller
requests a retransmission from the transmitter following a
defined ACK/NACK protocol. For PHY systems, the max-
imum number of retransmissions must be limited to a finite
number denoted as N � 1. The system-specified design

1510 Wirel. Commun. Mob. Comput. 2014; 14:1509–1521 © 2012 John Wiley & Sons, Ltd.
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Figure 1. Multiple-input multiple-output system block diagram. PHY, physical; AMC, adaptive modulation and coding; MAC, medium
access control; HARQ, hybrid automatic retransmission request.
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Figure 2. Simplified LTE protocol stack. PHY, physical; MAC, medium access control; HARQ, hybrid automatic retransmission request;
FEC, forward error correction.

constraint is the probability of block loss specified as Ploss
after N � 1 retransmissions.

If the .N � 1/th retransmission has occurred for the
same transmitted block, the received signal vector at
the kth transmission or .k � 1/th retransmission can be
expressed as

rk DHksk C nk ; k D 1; : : : ; N (6)

where rk is theNr�1 received signal vector, Hk is theNr�

Nt channel matrix, sk is the Nt � 1 transmitted signal vec-
tor, and nk is theNr�1AWGN vector. nk is assumed to be
independent and identically distributed and zero mean cir-
cularly symmetric complex Gaussian. Because IR-HARQ
is used, in general, sk ¤ sj for k ¤ j [6].

Figure 2 shows a simplistic view of the LTE protocol
stack which is partitioned into access stratum (AS) and
non-access stratum (NAS) [12] to illustrate the CLO con-
cept. Layer 3 is the radio resource control (RRC), and layer
2 comprises of three sub-layers: the package data conver-
gence protocol (PDCP), the radio link control (RLC), and
the medium access control (MAC). The PDCP implements
the robust header compression (ROHC) protocol to reduce
transmission delay [13]. Scheduling and HARQ are the
components of the MAC layer, and FEC and modulation
are the components of the PHY layer. When the channel
estimation is inaccurate, the transmitter may use a modula-
tion scheme with a higher bit rate than what the channel can
support. The receiver HARQ requests for retransmission
of the block received in error in order to meet the

Wirel. Commun. Mob. Comput. 2014; 14:1509–1521 © 2012 John Wiley & Sons, Ltd. 1511
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specified BLER. HARQ corrects occasional block errors,
and it reduces AMC error control stringent requirements.
In this regard, the HARQ complements the AMC to
improve the BLER. The joint AMC-HARQ design outper-
forms either the design of AMC only or HARQ only.
Notations: N is the total number of transmissions includ-
ing the first transmission and all the retransmissions, n
is the retransmission index with n D 1 denotes the ini-
tial transmission, M is the number of modes available
from AMC set, m is the AMC index, Nt is the number of
transmit antennas, Nr is the number of receive antennas.

4. PROBLEM FORMULATION

The CLO can be formulated as an optimization problem
where the objective is to select a joint strategy across
multiple layers. This paper focuses on the AMC aspect
of the PHY layer and the HARQ of the MAC layer. The
different modes for AMCm; m D 1; 2; : : : ;M represents
the various MCSs which translate into different rates that
the PHY layer can support, for example, Table I. The
different modes for HARQn; n D 1; 2; : : : ; N , represent
different number of retransmission. In a real-time system,
the block of data has to arrive at the receiver with a
delay specified as Dmax. The joint CLO problem can be
formulated as follows:

Maximize Average spectral efficiency

Subject to BLER� Ploss

D �Dmax

�D

NX
nD1

Mn different joint design strategies

(7)

Table I. LTE channel quality information (CQI) table.

CQI index Modulation Efficiency

1 QPSK 0.1523
2 QPSK 0.2344
3 QPSK 0.3770
4 QPSK 0.6016
5 QPSK 0.8770
6 QPSK 1.1758
7 16QAM 1.4766
8 16QAM 1.9141
9 16QAM 2.4063
10 64QAM 2.7305
11 64QAM 3.3223
12 64QAM 3.9023
13 64QAM 4.5234
14 64QAM 5.1152
15 64QAM 5.5547

QPSK, quadrature phase-shift keying; QAM, quadrature
amplitude modulation.

The LTE simulation engine used throughout this paper is
based on that presented in [14]. Theoretical expressions
derived within the paper are then compared with simula-
tion results to validate the effectiveness and correctness of
the proposed approach.

5. AMC AND HARQ JOINT
OPTIMIZATION DESIGN

The procedure to calculate SE for each configuration, no
retransmission, one retransmission, or two retransmissions,
is summarized as follows:

(1) Obtain BLER versus SNR values from simulation
for all modes and all retransmissions.

(2) BLER curve fitting from simulation for mode m
transmission n, one curve each, to determine param-
eters am;n, gm;n, and �m;n [7].

Pm;n.�/�

�
1; if 0 < � < �m;n
am;n exp.�gm;n�/; if � � �m;n

(8)
(3) For each configuration, determine boundary SNRs
f�mg

M
mD0 [7].

�m D

8̂̂
ˆ̂̂<
ˆ̂̂̂̂
:

0; mD 0

�1
NP
nD1

gm;n

ln

0
B@ Ploss

NQ
nD1

am;n

1
CA ; 0 < m <M

C1; mDM
(9)

(4) For each transmission, calculate selected probability
Pr.m/ for mode m using Equation (1).

(5) Calculate the average BLER for the nth retransmis-
sion, mode m using Equation (2).

(6) Calculate the average BLER for the nth retransmis-
sion using Equation (3).

(7) Calculate the average number of transmissions per
block using Equation (4).

(8) Calculate the average SE using Equation (5).

For LTE systems, Table I from [1] illustrates 15 different
CQIs (AMC modes, M D 15), the associated modulation
scheme, and the effective bit rate (efficiency) for each CQI.

The LTE simulation model described in [14] is run
to obtain BLER versus SNR for the initial transmission,
and the first and second retransmissions for all 15 CQIs.
Figure 3 plots the BLER versus average SNR for LTE
single-input single-output (SISO) system configuration for
a sampled subset of CQIs. From these curves, parame-
ters am;n, gm;n, and �m;n used in Equation (8) can be
determined as outlined in step 2 earlier with index m indi-
cating one of 15 CQIs and index n indicating the initial
transmission, first retransmission, or second retransmis-
sion. The channel is set for block Rayleigh fading, and it is
assumed that the BLER is independent between the first
transmission and subsequent retransmissions. The same
Ploss D 0:005 is used to evaluate system SE. The dot,

1512 Wirel. Commun. Mob. Comput. 2014; 14:1509–1521 © 2012 John Wiley & Sons, Ltd.
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Figure 3. Single-input single-output (SISO) system block error rate (BLER) versus signal-to-noise ratio (SNR). CQI, channel quality
information.

circle, and plus curves report the BLER results for initial
transmission, first retransmission, and second retransmis-
sion, respectively. As can be seen from Figure 3, higher
CQI provides higher bits per symbol but demands higher
SNR. On average, to achieve the same BLER, CQI (nC 1)
requires about 2 dB more than CQI n. The performance
gain from the initial transmission to the first retransmis-
sion is more significant than the performance gain from
the first retransmission to the second retransmission in the
high SNR region.

Figure 4 plots the CQI selection probability for the ini-
tial transmission of the described system. Below a certain
SNR threshold (1 dB in Figure 4), transmission is prohib-
ited because the channel is in deep fade. As SNR increases
above the deep fade threshold, the lowest CQI associ-
ated with the lowest SE is selected for transmission. As
the SNR continues to increase, a combination of different
CQIs are selected for transmission to optimize the system
effective SE. Eventually, the system will select the highest
CQI (CQI 15) to achieve the highest SE when the SNR is
high enough.

The works in [5] and [7] address only a single link
(SISO) configuration. For MIMO configuration with Nt
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Figure 4. Single-input single-output (SISO) system initial trans-
mission channel quality information (CQI) probability distribu-

tion. SNR, signal-to-noise ratio.

antennas at the transmitter and Nr antennas at the receiver,
the order of diversity for the system is NtNr. The

Wirel. Commun. Mob. Comput. 2014; 14:1509–1521 © 2012 John Wiley & Sons, Ltd. 1513
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distribution of � is �2 with 2NtNr degree of freedom and
can be expressed as [15]

p� .�/D
�NtNr�1e��= N�

N�NtNr.NtNr � 1/Š
; � � 0 (10)

where N� is the average received SNR. From Equations (1)
and (2) and after algebraic manipulation, Pr.m/ and NPm;n
can be derived as shown in Equations (11) and (12),
respectively

Pr.m/D e��m= N�
NtNrX
kD1

.�m= N�/
k�1

.k � 1/Š

� e��mC1= N�
NtNrX
kD1

.�mC1= N�/
k�1

.k � 1/Š
(11)

NPm;n D
am;n

.bm;n N�/NtNr

2
4e�bm;n�m

NtNrX
kD1

.bm;n�m/
k�1

.k � 1/Š
� e�bm;n�mC1

NtNrX
kD1

.bm;n�mC1/
k�1

.k � 1/Š

3
5 (12)

where bm;n D gm;n C 1= N� . For Nt D 1 and Nr D 1,
Equations (11) and (12) reduce to Pr.m/ and NPm;n for sin-
gle link derived in [7]. By substituting different values for
Nt and Nr, Pr.m/ and NPm;n can be calculated for differ-
ent systems, for example, Nt D 2 and Nr D 2 for a 2 � 2
MIMO configuration. The SE can then be calculated from
Equation (5).

The authors in [16] derive a cumulative distribution
function (CDF) formula for a more restricted case with
Nr D 2, that is,Nt�2MIMO, for a beam-forming structure
based on transmit MRC. The p.d.f. can be derived from the
given CDF, and Pr.m/ and NPm;n can be calculated as pre-
viously. It can be shown that this approach provides similar
performance.

For multi-user case, the p.d.f. for U users can be
obtained from Equation (10), as outlined in the Appendix,
with subscript MU denoting multi-user:

p�MU.�/D
U.�= N�/NtNr�1

N�.NtNr � 1/Š
e��= N�

0
@1� e��= N�

NtNrX
kD1

.�= N�/k�1

.k � 1/Š

1
A
U�1

(13)

Pr.m/, NPm;n, and SE can then be derived different
MIMO configurations, for example, configurations spec-
ified in LTE Rel. 8 (Nt D 1; 2; 4 and Nr D 1; 2/. For
instance, for a 2� 2 MIMO system with two users,

Pr.m/D
1

3 N�4

2
4e�2�mC1= N�

4X
kD1

1

2 N�k�2.k � 1/Š

kC2X
nD0

N�n.kC 2/Š

2n.kC 2� n/Š
�kC2�nmC1 � N�e��mC1= N�

3X
kD0

6 N�k

.3� k/Š
�3�kmC1

3
5

�
1

3 N�4

2
4e�2�m= N�

4X
kD1

1

2 N�k�2.k � 1/Š

kC2X
nD0

N�n.kC 2/Š

2n.kC 2� n/Š
�kC2�nm � N�e��m= N�

3X
kD0

6 N�k

.3� k/Š
�3�km

3
5 (14)

NPm;nD
am;n

3 N�4

2
4e�cm;n�mC1

cm;n

4X
kD1

1

N�k�1.k � 1/Š

kC2X
nD0

.kC 2/Š

cnm;n.kC 2� n/Š
�kC2�nmC1 �

e�bm;n�mC1

bm;n

3X
nD0

6

bnm;n.3� n/Š
�3�nmC1

3
5

�
am;n

3 N�4

2
4e�cm;n�m

cm;n

4X
kD1

1

N�k�1.k � 1/Š

kC2X
nD0

.kC 2/Š

cnm;n.kC 2� n/Š
�kC2�nm �

e�bm;n�m

bm;n

3X
nD0

6

bnm;n.3� n/Š
�3�nm

3
5

(15)

where bm;n D gm;nC 1= N� , and cm;n D gm;nC 2= N� .
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6. ALGORITHM

Section 5 provides closed-form equations to calculate SE
for Rayleigh block fading channel. For other channel
models, closed-form equations may not be available, and
a heuristic approach must be sought. For any model, the
BLER versus SNR can be obtained through simulations,
calibrated with field trials, and made available in look-
up table (LUT) format. Because the number of boundary
SNRs is relatively small, for example, 16 for LTE system,
the LUT size will be small. BLER values for intermedi-
ate SNR values can then be calculated by interpolation.
The LUT can be either downloaded in real time or kept
in non-volatile memory.

Each receiver measures the incoming data SNR and
reports back to the transmitter. The transmitter uses this
information to determine the strategy for the next trans-
mission. The transmitter executes Algorithm 1 (described
in Table II) to decide on the optimum transmission config-
uration strategy from the BLER requirements. The delay
requirement dictates how many retransmissions can be
used and when each retransmission needs to occur. It is
possible to send the initial transmission and part or all of
its retransmissions of the same block back to back or in the
same time slot if the requirements are met. This allows the
system to respond faster because the receiver can decode
the block of data sooner, and the number of retransmission
requests is minimized or can be alleviated altogether, and
hence reduces the amount of traffic on the uplink chan-
nel. Another added benefit of sending both initial trans-
mission and its corresponding retransmissions in advance
is a simpler reordering of the received block process
and less buffer space needed at the receiver. Each

transmission configuration t in Algorithm 1 is from the set
of no retransmission (t D 1/, one retransmission .t D 2/,
or up to N � 1 retransmissions .t D N/. The selection
of AMC mode m can be different for each transmission or
retransmission within the same configuration t ; for exam-
ple, with one retransmission configuration, the AMC mode
selection for initial transmission and first retransmission
can be j and k, respectively, where j ¤ k.

The accuracy of channel estimate will depend on the
scheme used for CQI reporting or SNR reporting. For
the proposed algorithm, because the same CQI report-
ing is applied to the original transmission and all cor-
responding subsequent retransmissions, CQI reporting is
only required once, whereas it may be required to perform
one CQI reporting for each original transmission and sub-
sequent retransmissions in the existing scheme. Depending
on the rate of change of the channel, there is a tradeoff
between the uplink BW used to report CQI and the bit
error rate because more frequent reports of CQI lead to
better channel estimates albeit at the expense of BW and
processing power.

Algorithm 1 returns the composite value .Tc ; I / to indi-
cate number of retransmission selected Tc , which takes on
one of the t values defined earlier and the AMC value
selected for each transmission or retransmission in the
form of a t -tuple (I1; : : : ; It /, where Ii ; i D 1 for initial
transmission and i D 2; : : : ; t , indicates AMC mode for
retransmission i � 1.

The scheduler at the eNodeB or base station allocates
resources to users based on outcomes of the Algorithm 1
for each user. Figure 5 captures the dynamic of the mode
and retransmission selection algorithm for LTE single user
SISO system with Ploss D 0:005 and two retransmissions.

Table II. Selection algorithm detail.

Algorithm 1

1. establish boundary points �n based on Ploss requirements
2. receiver measures incoming data SNR and reports to transmitter
3. initialize spectral efficiency Se D 0
4. for each transmission configuration t D 1; : : : ;N
5. is this configuration satisfied Delay requirement? Yes, go to 6. No, go to 4
6. for each retransmission pD 1; : : : ; t
7. for each AMC mode mD 1; : : : ;M

8. calculate effective target BLER based on measured Ptar D
tQ

pD1
BLERp;m

9. if Ptar � Ploss

10. calculate current spectral efficiency Scurr

11. if Se < Scurr

12. Se D Scurr

13. Tc D t
14. I D Index generating tuple (I1; : : : ; It ) for transmission t
15. end if
16. end if
17. end for loop
18. end for loop
19. end for loop
20. return .Tc ; I/

Wirel. Commun. Mob. Comput. 2014; 14:1509–1521 © 2012 John Wiley & Sons, Ltd. 1515
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It also illustrates the optimality of the CLO approach as
explained later. At 1 dB, when the SNR is barely just
over the threshold, the system selects the lowest rate with
maximum number of retransmissions, that is, CQI 1 for
initial transmission and CQI 2 for both the first and sec-
ond retransmissions. As SNR increases to 2 dB, the system
improves the SE by selecting CQI 2 for initial transmis-
sion. The system continues to use three transmissions with
higher CQI as SNR increases to 20 dB where the system
only needs to use two transmissions. At 21 dB, the system
switches back to three transmissions with same CQI 12 for
all transmissions because the effective rate of three trans-
missions at CQI 12 (3.9023/3) is higher than the effective
rate of two transmissions at CQI 9 (2.4063/2) from Table I.
At 36 dB, the system can satisfy the Ploss requirement with
just one transmission, and the system continues to select
one transmission with higher CQI as SNR increases to
43 dB where it achieves the highest SE using the highest
CQI 15.

6.1. Design space exploration
versus complexity

By exploring the total space of number of retransmissions
in HARQ and the number of rates available in AMC,
Algorithm 1 selects the highest rate that satisfies the Ploss
requirement. The exploration space can be calculated as
follows. For the system under consideration with 15 CQIs,
there are three different scenarios to take into account: ini-
tial transmission only, initial transmission with one retrans-
mission, and initial transmission with two retransmissions.
For the initial transmission only case, because there is only
one block to send, it can select 1 out of 15 different rates,
there are 15 different combinations. For the second case
with one retransmission, there are 152 D 225 different
combinations to consider. The last case with a total of
three transmissions requires 153 D 3375 combinations.
The total consideration space for this case is 3615. The
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Figure 6. Spectral efficiency comparison based on Algorithm 1.
SISO, single-input single-output; SNR, signal-to-noise ratio.

algorithm compares all 3615 cases and selects the high-
est rate that satisfies the BLER and delay requirements. In
general, the exploration space can be derived as shown in
Equation (16).

NX
iD1

M i D
MNC1 �M

M � 1
(16)

whereN is the number of transmissions andM is the num-
ber of rates available. For an LTE system [1] supporting 15
CQI .M D 15/ and three retransmissions configurations
.N D 4/, the space to consider is 54 240 combinations.

Figure 6 compares SE of single-user SISO system
implementing Algorithm 1 under two different scenarios.
The first scenario imposes a constraint of using the same
AMC mode on the initial transmission and all subsequent
retransmissions, whereas no such constraint is applied to
the second scenario. The unconstrained method outper-
forms the constrained method by only 1 dB at low to mid
SNR because of the larger space it considers. This sug-
gests a hybrid method to take advantage of both methods,
and Algorithm 1 can be further optimized. With the hybrid
method, the system applies the unconstrained method to
improve the SE at low SNR, and the system switches
to the constrained method to reduce processing time and
save power at high SNR. For the sub-optimum constraint
method, the exploration space is reduced significantly to 45
(15�3), which increases linearly withM and N , compared
with 3615, which increases exponentially with M and N
as shown in Equation (16). This can be implemented eas-
ily as an LUT with a 45-word RAM. The LUT is updated
according to feedback of channel condition and block loss
rate requirement. For a typical implementation, for exam-
ple, in a smart phone, a system may include a digital signal
processor (DSP) or a microprocessor. It takes 45 compare
operations or 90 ns, which is negligible compared with the
1 ms sub-frame time in LTE, to determine the optimum
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MCS for a DSP operating at 500 MHz assuming that it
takes one cycle to execute one compare operation. Depend-
ing on instructions available in the DSP instruction set, one
comparison may take more than one cycle.

6.2. Scheduler considerations

The retransmission scheme described earlier can offer
additional benefits and flexibility to the system schedul-
ing. In general, the scheduling policy, based on quality of
service (QoS), must take into account both fairness and
deadline of packets that are transmitted to users for tim-
ing driven data as in voice, streaming video, and audio. In
addition, for multi-media application, the timing relation-
ship between video and audio must also be maintained for
lip synchronization. For system applications, for example,
the downlink of an LTE system, the eNodeB or base station
has a certain throughput available for each frame that has
to be distributed among all active users. The scheduler has
to meet different conflicting requirements; it may have to
give users with a certain level of required QoS higher pri-
ority even though the channel conditions for these users are
not favorable, and at the same time attempting to maximize
the system throughput. In LTE system, because a physi-
cal resource block, spanning 0.5 ms in the time domain
and 180 kHz in the frequency domain, is the basic unit for
resource allocation to users, the scheduler can exploit the
potential gain of joint time and frequency scheduling. The
CLO of AMC and HARQ with the joint time and frequency
scheduling strategy provides the scheduler more flexibil-
ity in scheduling to optimize the time diversity gain from
retransmission, spatial diversity gain from MIMO configu-
ration, and multi-user diversity gain from a pool of users,
and not all of them may need the system BW in the same
time slot.

Figure 7 illustrates LTE downlink HARQ timeline and
explains that the propagation delay and processing takes
eight sub-frame time or 8 ms to complete transmission of
one sub-frame and hence the reason why eight HARQ pro-
cesses are implemented in LTE. When the user equipment
(UE) receives the first sub-frame from the eNodeB (base
station) after a propagation delay, it is required to generate
an ACK sub-frame before the end of the fifth sub-frame in
the eNodeB timeline. This allows approximately three sub-
frame times (3 ms) for both the UE and the eNodeB to pro-
cess the received data sub-frame and the ACK sub-frame,
respectively.

On the basis of the UE’s feedback, the scheduler can
determine the number of retransmissions needed for each
UE and incorporate this information into scheduling in
advance without waiting for retransmission request from
the UE. For example, the initial transmission and subse-
quent retransmissions, up to three in LTE, can then be
scheduled within the same sub-frame, which is 1 ms long in
duration. This scheme reduces significantly the time delay
of packets arrival at the receiver when the channel condi-
tion is not favorable. For LTE, because it requires an 8-ms
window between one transmission and its next retransmis-
sion, the total additional delay for three retransmissions is
24 ms, which is significant enough to disrupt time critical
applications. It also reduces the uplink BW usage required
for request of retransmission of received error packets. In
addition, the storage requirement at the transmitter allo-
cated to buffer packets, which await acknowledgements
from the receiver, may be alleviated altogether.

7. PERFORMANCE ANALYSIS

In this section, simulation results are presented for the
closed-form formula derived in Section 5 based on the
model described in Section 3. The block loss rate is set at
Ploss D 0:005. Table III summarizes the simulation setup;
see also [14]. The simulation is run for 25 000 frames to
obtain BLER for each SNR value.

Figure 8 plots the number of retransmission versus SNR
for both theoretical (Equation (4)) and practical approach

Table III. Simulation setup.

Parameter Value

Carrier frequency 2.1 GHz
Bandwidth 1.4 MHz
No. of HARQ processes 8
Max. no. of HARQ retransmissions 3
Subcarrier spacing 15 kHz
Cyclic Prefix Normal
Channel estimation method Perfect
Channel interpolation method Linear
Channel type Flat Rayleigh,

block fading
Propagation NLOS
Uplink delay 1 TTI

HARQ, hybrid automatic retransmission request; NLOS, non-line-
of-sight; TTI, transmission time interval.

1 8765432 1 2

1 876ACK432 1 2

UE processing delay eNB processing delay

eNB

UE

Figure 7. Hybrid automatic retransmission request timeline.
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Algorithm 1.

(Algorithm 1). In both cases the number of retransmission
decreases from 3 to 1 as SNR increases. The number of
retransmission derived in Equation (4) is allowed to take on
non-integer values in contrast to the number of retransmis-
sion determined from Algorithm 1 can only take on integer
values.

For the case of Algorithm 1, the number of retransmis-
sion at low SNR is three, oscillates between three and
two depending on which configuration providing higher
rate and settles at two in mid-range SNR, and switches to
one transmission at high SNR. Because Algorithm 1 only
allows integer number of retransmission, its actual Ploss is
always better and with significant margins for some SNR
values than the specifiedPloss (0.005) as shown in Figure 9.
For example, at 33 dB, it requires two retransmissions com-
paring to a small fraction larger than one retransmission in
the theoretical case, but its Ploss is about 0.002, which is
smaller than the required 0.005.
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Figure 10. Spectral efficiency comparison of different single-
input single-output (SISO) scenarios. SNR, signal-to-noise ratio.

As is evident from Figure 10, there is a significant gain,
as much as 12 dB, between the initial transmission and
the first retransmission. A gain of 3.5 dB is achieved from
the first retransmission to the second retransmission, but
this gain is not as substantial as the gain from the ini-
tial transmission to the first retransmission. The horizontal
dashed lines running across Figure 10 represent the SE of
15 CQIs listed in Table I. Figure 10 also shows the SE
curve obtained from Algorithm 1 described in Section 6.
For Algorithm 1 curve, above average SE of 2.73 (CQI
10), because there is no combination of multiple trans-
mission can generate higher SE, the average SE jumps
from one CQI SE value to the next CQI SE value for one
transmission with no others average SE value in between,
whereas there are other intermediate average SE values
between two consecutive CQI SE values below CQI 10
SE value. Figure 5 indicates the number of transmission
and the selected CQIs as explained previously; for exam-
ple, at 21 dB, the system selects three transmissions at
CQI 12 for an effective SE of 1.3 (3.9023/3) as shown in
Figure 10. The difference between the theoretical curves
and Algorithm 1 curve is due to the number of rates avail-
able is finite, and the number of retransmission is an integer
number in Algorithm 1, whereas the number of retrans-
mission can be a non-integer number as in Equation (4)
for the theoretical case as illustrated in Figure 8. If the
average number of retransmission in Equation (4) is lim-
ited to integer values by rounding it up to the next integer,
the second Retrans. curve becomes the second Retran mod
curve, which tracks the Algorithm 1 curve. The abrupt
jump occurred in SE at 36 dB is due to the change from
two transmissions to one transmission.

Figure 11 summarizes and compares the average SE
of all the system configurations using Algorithm 1. The
curves appear in steps because of the finite number of
rates available. At 4 bits/symbol SE, the gain from SISO
to 2�1MISO, 1�2 SIMO, and 2�2MIMO is 10, 13, and
18 dB, respectively.

1518 Wirel. Commun. Mob. Comput. 2014; 14:1509–1521 © 2012 John Wiley & Sons, Ltd.
DOI: 10.1002/wcm



S. V. Tran and A. M. Eltawil Analysis and design of cross-layer scheduling in link adaptation for wireless systems

-20 -10 0 10 20 30 40 50
0

1

2

3

4

5

6

Ave SNR(dB)

A
ve

 S
pe

ct
ra

l E
ffi

ci
en

cy
 (

bi
ts

/s
ym

bo
l)

System Comparison Using Algorithm 1 Method

SISO
SIMO
MISO
MIMO

Figure 11. Spectral efficiency comparison using Algorithm 1.
SISO, single-input single-output; SIMO, single-input multiple-
output; MISO, multiple-input single-output; MIMO, multiple-

input multiple-output.

-20 -15 -10 -5 0 5 10 15 20 25
0

1

2

3

4

5

6

Ave SNR(dB)

A
ve

 S
pe

ct
ra

l E
ffi

ci
en

cy
 (

bi
ts

/s
ym

bo
l)

Two User MIMO(2x2)
System Average Spectral Efficiency

1-user Init
1-user 1st
1-user 2nd
2-user Init
2-user 1st
2-user 2nd

Figure 12. Spectral efficiency for two users 2�2 multiple-input
multiple-output (MIMO) system. SNR, signal-to-noise ratio.

Figure 12 compares SE between single-user system and
two-user system. The two-user system has the advantage of
multi-user diversity, and it provides and additional gain of
about 3 dB comparing to single-user system for the same
number of retransmission. The performance gain of time
diversity from retransmission is greater than of multi-user
diversity.

8. CONCLUSION

This paper investigates extensively the performance of
different systems with CLO of AMC and finite num-
ber of retransmissions IR-HARQ. It provides closed-form
equations for calculating the probability of mode selection,
the average BLER, and the SE for wireless systems. An
innovative algorithm is introduced as a new framework to
calculate SE for system where closed-form equations are
not available. Extensive simulation results using proven
LTE model shown in this paper demonstrate the benefit
of CLO in improving the average SE. With the developed
algorithm to determine how many retransmissions required
in addition to the initial transmission in advance depending
on the current wireless channel condition, it is possible to
send the initial transmission and part or all of its retrans-
missions sooner than waiting for retransmission requests
as is done previously. This allows the system to respond
faster, reduces the amount of traffic on the uplink chan-
nel, a simpler reordering of received block process and less
buffer needed at the receiver. Channel estimation accuracy
is a crucial factor in determining precisely the number of
retransmissions. It will be interesting to study the channel
estimation error rate for available wireless channel models
and channel estimation techniques.

APPENDIX

The outage probability for a given threshold � under MRC
condition is given by [15]

Pout D P .�† < �/D

Z �

0
p.ı/dı

D 1� e��= N�
NtNrX
kD1

.�= N�/k�1

.k � 1/Š
(A1)

where p.ı/ is defined as in Equation (10). The outage
probability of the MRC for U users for the target � is

PMU.�/D

UY
iD1

0
@1� e��= N�

NtNrX
kD1

.�= N�/k�1

.k � 1/Š

1
A (A2)

where the subscript MU indicates multiple user. The out-
age probability of the MRC for U users for the target �
with the same average received SNR for all users becomes

PMU.�/D

0
@1� e��= N�

NtNrX
kD1

.�= N�/k�1

.k � 1/Š

1
A
U

(A3)

The composite p.d.f. can be found by differentiating
Equation (A3)

p�MU.�/D
U.�= N�/NtNr�1

N�.NtNr � 1/Š
e��= N�

0
@1� e��= N�

NtNrX
kD1

.�= N�/k�1

.k � 1/Š

1
A
U�1

(A4)
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which is Equation (13). It is tedious but straight forward to
derive Pr.m/ and NPm;n as formulated in Equations (1) and
(2), respectively. Equations (14) and (15) can be derived
with the help of the following result from [15].

Z �

0
p.ı/dı D 1� e��= N�

NtNrX
kD1

.�= N�/k�1

.k � 1/Š
(A5)

with p.ı/ is defined as in Equation (10).
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