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Abstract—Traffic generated by machine to machine (M2M)
communication or online gaming will be a large and integral part
of the traffic transported by LTE-advanced and beyond networks.
This traffic is characterized by sporadic and low-throughput
packet arrivals. It must be scheduled under a latency constraint.
Sporadic traffic creates environments where the channel-quality
information (CQI) is outdated or unavailable. Fast-fading, the
non-stationarity of inter-cell interference and the heterogeneity of
Rel-10 networks further exacerbates this issue. However, current
LTE-Advanced schedulers and resource allocation schemes are
not optimized for these particular scenarios. In this paper,
we propose a scheduling and resource allocation mechanism
for latency-constrained operation. Our solution significantly im-
proves the spectral efficiency of delay-constrained networks by
optimizing a joint hybrid-ARQ and adaptive modulation and
coding (AMC) policy that changes the number of dimensions
(physical resources) used in each round. With only one bit of
feedback, obtained causally from hybrid-ARQ, we achieve a
performance close to the ergodic capacity.

I. INTRODUCTION

High-performance online gaming, machine-to-machine
(M2M) and sensor data communications are emerging massive
applications for cellular networks. A typical example of M2M
applications in mobile environments is sensors connected to
public transport vehicles, to trains or to equipment in factories.
M2M communications are part of the Internet of Things
(IoT) revolution. M2M is expected to create an increasing
number of connected devices, which will exceed human-to-
human communications over the following years (50 billions
machines against seven billion people for 2011) [1], [2].
A large class of the traffic generated by these emerging
applications can require low-latency [3], [4]. For example,
for online gaming application, the low-latency is critical to
offer the best game experience as possible [5]. Large portions
of M2M applications are expected to produce sparse traffic
with low-delay constraints. The two main reasons being power
reduction through discontinuous reception (DRX) and trans-
port of small sporadic packets to M2M devices. Concretely, a
user-equipment (UE) terminal emerging from an idle state to
deliver a small packet to the network should reconnect for the
smallest amount of time possible to conserve power. Moreover,
the paradigm of many sparsely connected UEs transmitting
sporadic traffic poses interesting problems related to resource
allocation policies in a scheduled-access MAC protocol such
as that of 3GPP Long Term Evolution (LTE).

It is predicted that these applications, in addition to voice
and Internet traffic, will be an integral part of the traffic
transported by LTE [6] and LTE-Advanced [7] networks. M2M
is expected to account for a considerable amount of the traffic
of such networks [2].

Although significant headway in latency reduction has been
made thanks to the development of LTE, the LTE architecture
and protocols can still be improved for these application areas
in order provide efficient spectral usage for M2M services [4]
or to satisfy low-latency requirements. The extremely large
number of devices connected to the network, the expected re-
liability of the service regardless of the operation environment,
and low-latency requirements from applications such as emer-
gency messages, video surveillance or health-care will require
some enhancements to the network including link adaptation
protocols, modulation and coding, and hybrid automatic repeat
and request (hybrid-ARQ or simply HARQ) schemes [8], [9].
All these network optimizations will be included as a part of
the LTE-Advanced standard since M2M communication is one
of the main focuses in LTE-Advanced [2].

In this paper, we concentrate on the HARQ, adaptive mod-
ulation and coding (AMC) and physical resource allocation
mechanisms. We consider optimized rate-adaptation policies
in the case of sparse and latency-constrained traffic (See Fig-
ure 1). Namely, we optimize the HARQ and AMC mechanism
for these specific traffic characteristics. Our optimized policies
are applicable for both downlink (DL) and uplink (UL) data.

The optimization is carried out by adapting the number of
dimensions (physical resources e.g. sub-carriers or resource
blocks in LTE) used in each HARQ round. Furthermore,
because of the sparse traffic characteristic, of moderate to high
mobility, of insufficient uplink CQI periodicity or of inter-
cell interference, we investigate cases where the UL channel-
quality information (CQI) is outdated or unavailable. In such
cases, the scheduler must operate blindly with respect to AMC
and can only benefit from binary feedback after the first HARQ
transmission round (in the form of ACK/NACK signaling [6]).

Our contributions are the following:
• We derive analytical expressions, based on mutual in-

formation modeling, that capture the throughput perfor-
mance of latency-constrained networks.

• We develop an optimized rate adaptation policy. This
policy is based on the dynamic adaptation of the number
of dimensions (resource blocks) used by each HARQ



Fig. 1. Sparse traffic with delay-constrained scenario. Traffic arrivals in the
eNB medium access control (MAC) layer are sparse as depicted in blue (there
are three of them). The latency constrain is four slots, i.e. there are up to four
possible PDSCH channel (see Section III) allocations. Because of the sparse
traffic, channel-quality information (CQI) is outdated or unavailable on the
first slot.

round which is a feature of the Rel-8/10 LTE coding and
modulation subsystem.

• Surprisingly, this policy can operate with only one bit
of feedback from the HARQ process. We also show that
additional performance improvements are obtained when
outdated channel-state information becomes available.

The remainder of this paper is organized as follows. Ad-
ditional related work is presented in Section II and detail
on the resource allocation mechanism in LTE systems in
Section III. Our optimized joint HARQ and AMC mechanism
for delay-constraint environment is exposed in Section IV. Its
performance is evaluated in Section V. Finally, we detail its
application to LTE in Section VI and conclude in Section VII.

II. RELATED WORK

HARQ is a combination of traditional ARQ and error
correction codes [10] and a widely deployed building block of
current mobile communication systems. It generally achieves a
better performance than ordinary ARQ techniques. With AMC,
the so-called modulation and coding scheme (MCS) can be
adapted dynamically to optimize the throughput while keeping
a target error rate. Link-adaptation mechanisms such as HARQ
and AMC are necessary to achieve the high peak data-
rates of LTE-A and beyond networks [6]. However, all these
techniques typically require sophisticated channel estimation
schemes in order to obtain channel state information (CSI)
and to provide CQI feedback for the adaptation mechanisms.
The transport of CQI can also result in a significant amount
of control signaling overhead. Hence, because of resources
constraints, prior work on M2M communications for 3GPP
networks has suggested the use of fixed and non-adaptive
mechanisms [11]. But as we show in this paper, even in
cases without or just outdated feedback, it is possible to
obtain significant spectral efficiency and outage probability
improvements with appropriately designed mechanisms.

M2M communication will also need to address issues
related to large number of users accessing the network. The
work in [11], [12] propose to group users with similar quality
of service (QoS) characteristics and requirements into access

clusters. However, this solution only addresses medium access
control (MAC) with large number of users and different QoS
requirements. Besides, jitter (defined as the difference in time
between two successive packet arrivals or departures) was the
only performance metric considered. However, error proba-
bility, throughput or spectral efficiency cannot be ignored.
In [13], [14], a resource allocation scheme specific to health-
care applications employs admission control for traffic prior-
itization and delay minimization. This scheme is well-suited
for voice-communication over a cellular network. However,
our data traffic requirements are fairly different as mentioned
in Section I and this scheme is not applicable to our scenario.

In a more general setting, [15] proposes a rate and power
adaptation scheme, based on perfect CSI, for a fading channel
scenario. Queuing is also taken into account and the trade-
off between average delay and average transmission power is
investigated. Similarly, [16] derives a rate and power mecha-
nisms to optimize delay for single-user system with queuing.
No retransmission protocol is taken into account and lower and
upper asymptotic bounds are obtained. However perfect CSI
is always assumed at the receiver. The effect of imperfect CSI
on ARQ and HARQ is investigated in [17], [18]. In particular,
[17] concentrates on optimizing the amount of energy devoted
to channel estimation in order to maximize the throughput.
For instance, allocating more power for channel estimation
leaves less energy for data transmission, resulting in higher
error rate. Unlike previous work, power control across HARQ
rounds is explored in [19], namely to minimize the packet
error rate under an average transmit power constraint. This
mechanism requires feedback at the receiver and it might be
difficult to use for M2M devices. Indeed, they usually have
no or limited access to power sources because of their low
power consumption [2]. Finally, [20] considers the trade-off
between coding and ARQ in a fading channel. It shows that
choosing a high error probability (10% or higher) maximizes
the throughput for a HARQ protocol with a fixed outage
probability. It is also shows that an optimal rate exists for
each round.

Compared to the related work present in this Section, our
work differs significantly. We address cases with no or only
outdated CQI. Furthermore, we do not perform any power
control because it is impractical or simply not feasible for
M2M scenarios. Rather, we develop an optimized rate adapta-
tion policy that changes the number of physical resources (i.e.
dimension) across rounds. Our optimization is based on the
outage constraint when a retransmission protocol is used. With
respect to [19], we show that only one bit of feedback (ACK
or NACK) of the HARQ protocol is sufficient for significant
improvements in packet error rate. Even without any CQI, our
results show dramatic error-rate reductions and improvements
of the spectral efficiency.

III. RESOURCE ALLOCATION IN LTE SYSTEMS

LTE-advanced release 10 (and higher) is the evolution of
the LTE standard [7], [6]. It provides higher peak data-rates
(1 Gbps UL, 500 Mbps DL) and spectral efficiency, support
for very flexible deployment scenarios including DL/UL asym-
metric bandwidth allocations and non-contiguous spectrum



allocation. Applications such as online gaming and M2M
systems are integral parts of LTE-advanced [6].

As explained earlier in Section II, LTE supports both HARQ
and AMC for efficient resource allocation. But they are not the
only mechanisms. LTE also supports the adaptation of the so-
called transport-block size and the amount of physical resource
blocks (PRB) used per transmission. A transport-block is the
name given to a block of data at the MAC layer [21]. For LTE,
HARQ is supported for the physical layer shared channels in
both UL (PUSCH) and DL (PDSCH), and separate control
channels are used to send the associated acknowledgment
feedback. HARQ can be classified as either synchronous or
asynchronous and the retransmissions can be adaptive or non-
adaptive [6]. In a synchronous system, retransmissions occur
at a predefined time. In an asynchronous system, the retrans-
missions can occur any time (and must be signaled). With
adaptive HARQ, the MCS and other transmission attributes
can be changed after each round. In a non-adaptive context,
transmission attributes are fixed or pre-defined. In LTE, HARQ
is asynchronous and adaptive in the DL and synchronous in
the UL. Retransmissions can be adaptive or not in the UL [6].
Feedback for HARQ in LTE comprises a simple ACK/NACK
signal. The HARQ and AMC algorithm is implemented and
managed by the scheduler at the MAC layer. Based on the
available CQI , it is the scheduler at the base-station (eNodeB
or eNB in LTE) that can address the different quality and
latency requirements of all the associated user equipments
(UE).

An important factor for the eNB scheduling algorithm is
the accuracy of the available CQI for the active UEs in the
cell. In the DL, CQI is reported back by the UE. For the UL,
the eNB can use sounding reference signals (SRS) or other
signals transmitted by the UEs to estimate CQI [6]. On the
UL, two channels are used to send CQI reports. Namely the
physical uplink control channel (PUCCH) and the physical
uplink shared channel (PUSCH). Reporting can be periodic
or aperiodic. Periodic reports are normally transmitted on the
PUCCH. However, the eNB can request the user equipment
(UE) to send aperiodic CQI reports on the PUSCH because it
is more appropriate to transmit large and detailed reports [22].
The key issue with respect to resolving channel quality is
the ability to obtain accurate information in the presence
of a large number of connected UEs (even idle) and the
presence of sporadic interference (primarily on the uplink)
in heterogeneous network deployments. The eNB can adjust
the periodicity and granularity of the CQI feedback (down
to 2 ms periodicity for both CQI and SRS in Rel-10 LTE
[23]) allowing it to trade-off between the amount of overhead
and the accuracy of the channel information. Of course, when
a long delay occurs with respect to the scheduling time,
the performance can be significantly affected. Short feedback
periodicity is difficult to achieve in heavily loaded cells.

In summary, LTE offers a lot of flexibility in terms of
resource allocation and, in particular, resource allocation al-
gorithms can be tailored for a particular class of traffic with
specific requirements. Nevertheless, work is still needed to
exploit this flexibility efficiently for key emerging applications.
To this end, in the remainder of this paper we develop and

evaluate a resource allocation mechanism for sparse latency-
constrained traffic. Furthermore, we consider cases where CQI
feedback is either unavailable, or outdated.

IV. OPTIMIZED HYBRID-ARQ AND AMC POLICIES FOR
DELAY-CONSTRAINED OPERATION

Compared to ARQ, using HARQ increases spectral effi-
ciency while ensuring reliability. But further improvements
can be obtained by combining HARQ and AMC. When
implementing AMC with HARQ, the MCS is adapted between
each retransmission. Indeed, as our results show in Section V,
adapting the rate assignment between retransmission rounds
can significantly enhance the performance.

In the following, we develop and analyze a combined
hybrid-ARQ and AMC policy for sparse and latency-
constrained traffic scenarios. Packet arrivals are sporadic and
must be scheduled under a latency constraint (see figure 1).
In this context, CQI is typically outdated or unavailable. Note
that outdated CQI also occurs because of moderate to high
mobility, of insufficient uplink CQI periodicity or of non-
stationary inter-cell interference. The latter will become more
and more important with LTE release 10 networks and their
inherent heterogeneity. Hence, the scheduler must operate
blindly for AMC and can only benefit from feedback after the
first HARQ transmission round in the form of ACK/NACK
signaling.

A. Signal Model and Assumptions

In the following, we present the signal model and as-
sumptions for the remaining of this Section. Without loss
of generality, we consider OFDM signaling. The UL of an
LTE system uses an SC-FDMA modulation. Our joint HARQ
and AMC policy applies equally, but the signaling details
differ. This is left for an extension of this work. Therefore,
for a particular sub-carrier, let x denote the complex-valued
transmitted symbol, z denote the additive white Gaussian noise
(AWGN), and h denote the channel gain. Both z and h are
modeled with a zero-mean and unit variance complex Gaussian
random variable. Let l denote the discrete-time index i.e. x[l]
is the lth transmitted symbol. Using y to denote received
symbols, the lth received symbol in a particular sub-carrier
is

y[l] = h[l]x[l] + z[l], l = 1, 2, . . . , N. (1)

We consider a block-stationary Rayleigh fading channel
model. Fading remains static for the duration of a HARQ
round but varies between retransmissions. The HARQ feed-
back channel is assumed to be error-free. CQI can be received
after each round. However, prior to the first round, CQI
may or may not be available. As explained earlier, this can
occur because of sparse traffic. Furthermore, because of fast-
fading, (low) mobility or non-stationary inter-cell interference,
CQI can at any round be simply unusable. Consequently, we
analyze cases where, at the first transmission round, CQI is
either outdated or simply unavailable. On the further rounds,
we keep on assuming that CQI is not available. But, we take
advantage of the one bit of ACK/NACK information given to
the transmitter after each HARQ round.



For the outdated CQI case, it is assumed that the fading
statistics are available to the transmitter. This assumption is
reasonable because the eNB scheduler can maintain a database
of channel measurements in its cell, allowing it to derive the
fading statistics over time.

We do not consider interference created by neighboring
transmitters. This case is left for further study. We focus on
single antenna systems, although our model can be extended
to multiple-input and multiple-output systems (MIMO).

B. Modeling and Optimization of a joint Hybrid-ARQ and
AMC Policy

We consider a one-shot transmission model where one
transport-block of size NTB arrives in sub-frame n and
must be served at maximum spectral-efficiency under a la-
tency constraint. We denote by NR the maximum number of
transmission rounds. To characterize code performance and
the effect of the channel, we use the instantaneous mutual
information in each transmission round. This theoretic mea-
sure, although asymptotic, provides a very accurate indication
of potential performance in LTE, whose coded-modulation
subsystem performs close to asymptotic limits. Let Hi denote
the vector of channel realizations in the ith transmission round.
Then I (Hi) denotes the corresponding instantaneous mutual
information. Accordingly,

I (H1, . . . ,HNR
)

defines the mutual information accumulated over NR trans-
mission rounds. In order to compute the mutual information,
we assume Gaussian input signals (upper-bound on QAM
modulation). For example, let us consider one sub-carrier of
a SISO system without interference and let P denote the
received power, h0,i is the channel response at round i and
N0 is the noise power, then

I(H1, . . . ,HNR) =
NR∑

i=1

log2

(
1 +

P |h0,i|2
N0

)
. (2)

Generalizing the notation from [24], the probability of
decoding a transport-block in round n with Nj as the number
of dimensions used in round j is

Pr
(
I(H1, · · · ,Hn) > (

n∑

j=1

Nj)Rn,

I(H1, · · · ,Hi) < (
i∑

j=1

Nj)Ri, ∀i < n
)
. (3)

Let µ(n) denote the target transport-block error probability af-
ter n transmission rounds. The latency constraint is expressed
by ensuring that the probability that the transport-block is not
served after NR transmission rounds is below µ(NR). Under
this framework, AMC is the optimization of the rate sequences
Ri such that (1) the packet error probability remains below
µ(NR) after NR transmission rounds and (2) the spectral-
efficiency is maximized. The optimization is carried out as
a function of the distribution of I (H1, . . . , HNR

).

For simplicity, we consider at most two retransmission
rounds (ARQ rounds), but our policy can also be applied for
more than two. We consider three scenarios

1) Minimal-latency: a trivial case of serving the packet in
one round which corresponds to the minimal-latency
AMC policy.

2) Latency-constrained with no prior CQI: we consider
two transmission rounds and no information about the
channel.

3) Latency-constrained with outdated CQI: we consider
again two transmission rounds, but unlike the previous
case, we assume that we have outdated information
about the channel with some correlation with the actual
channel.

For simplicity and in the interest of obtaining semi-analytical
results, we concentrate on one sub-carrier, i.e. that Hi is
a scalar. In an upcoming full simulation study using fully-
compliant LTE modem implementations, this is reconsidered
using wideband 3GPP-SCM channel models.

C. Scenario Analysis: Minimal-latency

We consider first the trivial case of serving the transport-
block in one round. This is the minimal-latency AMC policy.
The rate allocation law for R1 is given by the solution to

Pr
(
I(H1) < R1

)
= µ(1). (4)

Without any a priori information regarding the channel statis-
tics, this essentially says that the best that can be done is to
transmit with the lowest spectral-efficiency coding scheme (i.e.
lowest MCS) to minimize latency. With a priori information.
the largest MCS such that the probability of channel realiza-
tions requiring a smaller MCS is still below the threshold is
chosen.

Let H0 denote the channel corresponding to outdated CQI.
If stale CQI is available prior to transmission of the transport-
block, then the rate should be chosen such that

Pr (I(H1) < R1|H0) = µ(1) (5)

in order to take into account the outdated CQI.

D. Scenario Analysis: Latency-constrained with no Prior CQI

We now consider the case with two transmission rounds. Let
B define the number of information bits to be transmitted. Let
NT denote the total number of dimensions available and let
N1 denote the number of dimensions used in the first round.
Hence, the rate in the first round is R1 = B

N1
, and the rate in

the second round R2 = B
NT

. We define

λ =
N1

NT
. (6)

and we can relate R1 to R2 with R2 = λR1. Let R̄ denote the
overall spectral efficiency. With µ(1) as the outage probability
after the first round, we have

R̄ = R1 (1− µ(1)) + µ(1)R2

= R1 (1− µ(1)) + µ(1)λR1. (7)



We want to maximize R̄ such that the probability of outage
after the second round is below the given constraint µ(2).
For the first round, there is no feedback information. The
outage probability µ(1) is unknown but it depends on H1 and
the signal-to-noise ratio (SNR). We can relate R1 to µ(1) as
follows. From equation (4), we have

Pr (I(H1) < R1) = Pr
(
log2

(
1 + SNR|h1|2

)
< R1

)
= µ(1).

(8)
Consequently, we obtain

R1 = log2

(
1− SNR ln(1− µ(1))

)
. (9)

In the second round, feedback about the previous round is
available. The outage probability is now given by

Pr
(
I(H1,H2) < R2|I(H1) < R1

)
= µ(2) (10)

We can rewrite equation (10) as follows

Pr
(
I(H1,H2) < R2|I(H1) < R1

)
=

Pr(I(H1,H2) < R2, I(H1) < R1)
Pr(I(H1) < R1)

=

∫ 2R−1−1
SNR

0
e−|h1|2d|h1|2
µ(1)

−
∫ 2R−1−1

SNR

0
e−a−|h1|2d|h1|2
µ(1)

= µ(2) (11)

where

a =

((
2R1

1 + SNR|h1|2
) λ

1−λ 1
SNR

)
− 1

SNR
(12)

and the limits stem from the fact that if I(H1) < R1 then
|h1|2 < 2R1−1

SNR . The integrals in equation (11) are evaluated
numerically.

To find the optimal value of R1 in the first round, we
perform an extensive exploration on µ(1), given that we want
to maximize equation (7) and subject to the constraint µ(2) in
equation (11).

E. Scenario Analysis: Latency-constrained with Outdated CQI

We now analyze the case when outdated CQI becomes
available to the transmitter. We make the additional assumption
that the channel remains constant over the two transmission
rounds and let h = h1 = h2. Furthermore, we denote by h0

the channel value that corresponds to the outdated CQI. In
order to model a possible correlation between h0 and h, we
use the following model. Let ρ be the correlation parameter,
then

h =
√

ρh0 +
√

1− ρh
′

where h0 and h
′

are i.i.d. Gaussian-distributed random vari-
ables. Note that in this case,

ρ = E [h0h
∗] .

In addition, |h|2 is a non-central Chi-square random variable
with two degrees of freedom. We follow the same general
procedure to obtain the throughput and probability of outage

than in the previous cases. However, the spectral efficiency is
a function of the outdated CQI and we have to average over
the distribution of |h0|2.

First, let γ1 =
√

2R1−1
SNR be the outage threshold in the

first round and γ2 =
√

2R2−1
SNR be the outage threshold in

the second round. Then, Pr (h > γ1) represents the proba-
bility of having a successful transmission in the first round,
Pr (h < γ1, h > γ2) is the probability of being unsuccessful
in the first round but successful in the second round, and
Pr(h < γ2) gives the probability of being in outage. All
these probabilities are a function of the cumulative distribution
function (CDF) of |h|2. The non-centrality parameter of |h|2
is s2 = ρ|h0|2. Let Fχ (x) denote the CDF of |h|2. It can be
expressed in terms of the Marcum Q-function [25] i.e.

Fχ (x) = 1−Q1(s, x) (13)

where QM (a, b) is the Marcum Q-function with parameters
M , a and b.

The overall spectral efficiency R̄ over the two ARQ rounds
can be written as

R̄ = Pr (h > γ1)R1 + Pr (h > γ2, h < γ1)R2. (14)

To find the optimal rates, we first obtain R2 from the outage
constraint µ(2). Since we know that h < γ2 implies an outage,
R2 is given by solving equation (15) for R2. Therefore

µ(2) = Pr
(
|h|2 <

2R2 − 1
SNR

)
= Fχ

(
γ2
2

)
(15)

Next, to find the value of R1 that will maximize the overall
spectral efficiency, we first write (14) in terms of the Marcum
Q-function. We have

R̄ = Q1(a1, b1)R1 + (Q1(a2, b2)−Q1(a1, b1))R2 (16)

where a1 = a2 = s, b1 = γ1, and b2 = γ2. We now take the
derivative of equation (16) with respect to R1, and we solve
for R1 when the derivative is zero. We obtain

∂R̄

∂R1
=

∂Q1(a1, b1)
∂R1

R1 + Q1(a1, b1)− ∂Q1(a1, b1)
∂R1

R2

=
∂Q1(a1, b1)

∂R1
(R2 −R1) + Q1(a1, b1) = 0. (17)

To find the derivative of the Marcum Q-function in (17), we
used [26].

V. PERFORMANCE EVALUATION

In this section, we present numerical results in terms of
(1) the probability of outage and (2) the achieved spectral
efficiency. Remember that we assume Gaussian signaling to
compute the mutual information. Throughout this section, we
fix the spectral efficiency to 2 bits per channel use. A more
comprehensive set of rates will be detailed in a further study.
The maximum number of retransmissions is one round (at
most two rounds).

Figure 2 presents the minimum SNR necessary to achieve
a given outage probability µ(2). For a given value of µ(2),
we calculate the corresponding SNR for our rate adaptation
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Fig. 2. For different values of the probability of outage after the second
round µ2, we calculate the corresponding SNR for the different scenarios.
The symbol ρ is the correlation coefficient between the actual channel
and the channel corresponding to outdated CQI information. We compare
a correlation coefficient value of 50%, 10% and uncorrelated case. For
comparison purposes, we also plot two more cases. First when no ACK/NACK
feedback is available from the HARQ process. Second, when µ1 is fixed to
50% with λ = 0.5 to make sure that 50% of the dimensions are used in each
round.

policy. For the scenario (3) from Section IV, the outdated
CQI has a correlation coefficient with the actual channel
of ρ = 10% or ρ = 50%. For comparison purposes, we
consider two more cases in addition to the scenario (2) and
(3) from Section IV. First we evaluate a case where we force
the probability of outage after the first round to 50%, fixing
λ = 0.5 to make sure that 50% of the dimensions are used in
each round. Typically, while conventional systems try to ensure
a 10% outage probability per slot, we observe from our results
that a higher value gives, in fact, a higher overall spectral
efficiency. Second, we evaluate a case where no feedback at
all is available i.e. when we can not even receive ACK/NACK
from the HARQ process. This highlights the significant gain
from adapting the rate across rounds with only one bit of
feedback, even in the case without any CQI information. The
gain is even higher when only outdated CQI information is
available. Our rate adaptation policy gives a zero probability
of outage without the need of having a high SNR. From the
results in Figure 2 we can observe that it does not make a
difference to increase the SNR above 12.5 dB for the case
without CQI. We show that adjusting the dimensions used in
each round results in almost causal feedback performance. In
our scenarios, the two rates are simply controlled by λ = R2

R1
,

which depends on the SNR and target outage probability µ(2).
We only need one bit of feedback, which we get causally
from HARQ. In fact, it is the state of the channel that actually
chooses the code rate. By choosing the rate in the first round as
high as possible, we can guarantee a probability of outage after
the second round while maximizing the spectral efficiency.

Figure 3 presents the overall spectral efficiency obtained for
a given SNR. We set µ(2) to 1%. For the outdated CQI case,
we consider ρ = 50% and ρ = 10%. For reference purpose,
we also plot the ergodic capacity (Rayleigh channel capacity),
i.e. for perfect rate adaptation. Finally, we again consider a
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Fig. 3. Spectral efficiency versus SNR for the different scenarios. We set µ(2)
to 1%. The symbol ρ is the correlation coefficient between the actual channel
and the outdated/stale CQI information. We compare correlation coefficients
of 50%, 10% and uncorrelated case. For comparison purposes we plot the
curve for the ergodic capacity and µ1 fixed to 50% with λ = 0.5 to make
sure that 50% of the dimensions are used in each round.

scenario when the rate in the first round is chosen so that the
probability of outage after the first round is fixed to 50%. This
value is chosen because it gives the highest spectral efficiency.
Fixing the probability of outage after the first round to more or
less than 50% gives, in fact, a lower overall spectral efficiency.

From our results we see a significant improvement in
spectral efficiency even in the case without CQI. When we can
benefit from outdated CQI, we achieve a performance close to
the ergodic capacity.

VI. APPLICATION IN LTE RATE-ADAPTATION

The policies considered in Section IV require an
incremental-redundancy coded-modulation system with the
possibility of adjusting the code rate (physical resources) via
puncturing and repetition (rate matching). This is possible on
the LTE Rel-8/10 DL and UL where the allocation can be
adapted across transmission rounds, the granularity of which
depends on the transport block size. The only difference
between the UL and DL allocation is that the modulation order
must remain fixed on the UL for each round. It is likely that
this restriction is insignificant with respect to performance. The
slight penalty for inter-round rate adaptation is the requirement
to send a new DL control information (DCI) packet with
updated resources rather than an automatic retransmission.
Let us now explain with an example the rate-adaptation policy
for two-round transmission in an LTE context.

For illustration purposes, consider a DL transmission in
transmission mode 1 (SISO transmission). The policy must
choose the initial spectral efficiency, MCS1 corresponding to
the first transmission round and N1 and N2 corresponding
to the number of allocated physical resource blocks. An
additional constraint (on the downlink) is that these must be
multiples of an integer P which is the allocation granularity
dictated by the transmission bandwidth (for a 10MHz carrier,
P = 3 [23].) Figures 4 and 5 show the result of an



optimized two-round protocol, specifically the rate R1 which
must be translated to MCS1 and λ which provides the ratio
of the physical dimensions used in the two rounds. This
can now be transformed as a function of the target transport
block size. Now consider an average SNR of 7 dB, this
corresponds R1 of 2 bits/dimension and λ = 0.07. Assume an
allocation in the first round using 3 resource blocks (minimal
allocation for a 10 MHz carrier). In a PDSCH-only normal
prefix subframe with one PDCCH symbol, the total number
of resource elements is N1 = 450 (13 PDSCH symbols, 3
with 10 PDSCH resource elements per resource block and
10 with 12.) The target transport block size would therefore
be around 900 bits, so the closest transport block size for
3 resource blocks is 904 bits ([23, Table 7.1.7.2.1-1]) with
MCS1 = 16 (16QAM). The second-round dimensions would
ideally be N2 = N1( 1−λ

λ ) = 5978 yielding 39.9 (39 or 42)
resource blocks.

The previous example exposes the difficulty of applying
such latency-constrained policies for large transport block
sizes, at least under the constraints of the current LTE speci-
fications. For instance, if we were to use the same operating
point (7 dB average SNR) with twice the number of dimen-
sions in the first round, corresponding to a transport block size
of 1800 bits, the number of required resource blocks in the
second round jumps to 78 or 81 which is only realizable on
a 20 MHz carrier. This can be easily overcome by allowing
a third transmission round, i.e. by increasing the acceptable
latency of the transmission.

Another important consideration regarding application on
the UL is that the nature of the resource allocation policy
is fundamentally related to power control, since we are as-
suming a constant transmit energy per channel dimension.
This is also the adopted policy in LTE (assuming power
adjustements are not made during retransmission rounds).
Basically, low power is used during the first transmission and
significantly more power is used in the second transmission
if required. In the numerical example above the power boost
is 10 log10

(
1−λ

λ

)
= 11.2dB. This, of course, requires that
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Fig. 4. We consider the scenario without CQI (uncorrelated channels), and
we plot the rate in the first round (R1) for different values of SNR. We fix
the probability of outage after the second round to 1%.
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Fig. 5. For the scenario without CQI (uncorrelated channels), we plot the λ
parameter against different values of SNR. We fix the probability of outage
after the second round to 1%. λ determines the rate used in the second round
according to equation [6]

the UE has signalled sufficient power headroom [23] for the
eNB to allow this allocation. This clearly shows that, on the
UL, latency can be controlled through a combination of rate
adaptation, HARQ and power control. An instance of this
appearing in the literature in the case of MIMO transmission
with HARQ can be found in [27], although in that example the
number of dimensions across tranmsission rounds remained
fixed and the energy per channel dimension increased across
rounds.

VII. CONCLUSIONS

Two potential extensions to improve latency performance
can be considered. First, more detailed feedback can be used
to indicate the remaining amount of information required to
decode based on the first transmission. Second, power-ramping
can be used as an incremental power policy to accelerate
decoding by increasing the power as rounds progress. For
sparse packet arrivals this may increase aggregate spectral
efficiency with respect to a constant power policy. More
detailed feedback can be achieved through exploitation of
CQI information (wideband and sub-band) after the first round
of transmission, assuming that the eNB schedules PUSCH
feedback to cover the ACK/NACK and CQI information. The
CQI just represents the state of the channel after a particular
transmission round.

For future work, several directions are available. First we
will extend our model to consider more than two transmission
rounds as well as the interaction with the scheduling of
multiple UEs. We will also take into account interference.
Finally, we plan to implement and evaluate our mechanism
in simulation and on a software-defined radio platform.
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