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ABSTRACT

This article provides an overview of the LTE
radio interface, recently approved by the 3GPP,
together with a more in-depth description of its
features such as spectrum flexibility, multi-anten-
na transmission, and inter-cell interference con-
trol. The performance of LTE and some of its
key features is illustrated with simulation results.
The article is concluded with an outlook into the
future evolution of LTE.

INTRODUCTION

The long-term evolution (LTE) as defined by the
3rd Generation Partnership Project (3GPP) is a
highly flexible radio interface [1, 2]; its initial
deployment is expected by the end of 2009. The
first release of LTE provides peak rates of 300
Mb/s, a radio-network delay of less than 5 ms, a
significant increase in spectrum efficiency com-
pared to previous cellular systems, and a new flat
radio-network architecture designed to simplify
operation and to reduce cost. LTE supports both
frequency-division duplex (FDD) and time-divi-
sion duplex (TDD), as well as a wide range of
system bandwidths in order to operate in a large
number of different spectrum allocations. Fur-
thermore, LTE also aims for a smooth evolution
from earlier 3GPP systems such as time division-
synchronous code division multiple access (TD-
SCDMA) and wide-band code division multiple
access/high-speed packet access
(WCDMA/HSPA), as well as 3GPP2 systems
such as code division multiple access (cdma)2000.
Finally, LTE also constitutes a major step toward
international mobile telephony (IMT)-Advanced.
In fact, the first release of LTE already includes
many of the features originally considered for
future fourth-generation systems [3].

For an in-depth description of LTE, the read-
er is referred to [1]. A companion article [4] in
this issue discusses the link-layer design. In this
article, we provide an overview of the first
release of LTE, release-8. The basic transmission
schemes in uplink and downlink are described,
and various aspects of LTE, such as spectrum
flexibility, multiple-antenna transmission, and
inter-cell interference coordination are dis-
cussed. This is followed by a set of simulation
results, exemplifying the performance of LTE.
Finally, we offer a short overview of the current,
ongoing work on the evolution of LTE toward

LTE-Advanced and the full IMT-Advanced
capability.

LTE: AN OVERVIEW

BAsIC TRANSMISSION SCHEME

Orthogonal frequency-division multiplexing
(OFDM), with data transmitted on a large num-
ber of parallel, narrow-band subcarriers, is the
core of the LTE downlink radio transmission.
Due to the use of relatively narrowband subcarri-
ers in combination with a cyclic prefix, OFDM
transmission is inherently robust to time disper-
sion on the radio channel without a requirement
to resort to advanced and potentially complex
receiver-side channel equalization. For the down-
link, this is an attractive property because it sim-
plifies the receiver baseband processing with
reduced terminal cost and power consumption as
consequences. This is especially important consid-
ering the wide transmission bandwidths of LTE,
and even more so in combination with advanced
multi-antenna transmission, such as spatial multi-
plexing (discussed below in this section).

For the uplink, where the available transmis-
sion power is significantly lower than for the
downlink, the situation is somewhat different.
Rather than the amount of processing power at
the receiver, one of the most important factors in
the uplink design is to enable highly power-efficient
transmission. This improves coverage and reduces
terminal cost and power consumption at the trans-
mitter. For this reason, single-carrier transmission,
based on discrete Fourier transform (DFT)-precod-
ed OFDM, sometimes also referred to as single-
carrier frequency-division multiple access
(SC-FDMA), is used for the LTE uplink. DFT-
precoded OFDM has a smaller peak-to-average
power ratio than regular OFDM, thus enabling
less complex and/or higher-power terminals.

The basic protocol structure of LTE is illus-
trated in Fig. 1. The radio link control (RLC)
and medium access control (MAC) layers, among
other tasks, are responsible for retransmission
handling and multiplexing of data flows. In the
physical layer, the data that is to be transmitted
is turbo coded and modulated using one of the
following: quadrature-phase shift keying (QPSK),
16-QAM, or 64-QAM, followed by OFDM mod-
ulation. The subcarrier spacing is 15 kHz and two
cyclic-prefix lengths are supported in both uplink
and downlink, a normal cyclic prefix of 4.7 us,
suitable for most deployments and an extended
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cyclic prefix of 16.7 us for highly dispersive envi-
ronments. In the downlink, different types of
multi-antenna processing, further described
below, are applied prior to OFDM modulation.
In the uplink, to preserve the single-carrier prop-
erties, a DFT precoder is used prior to the
OFDM modulator. Note that the DFT precoder
does not compromise orthogonality between sub-
carriers. To support channel estimation for
coherent demodulation, as well as for various
measurement purposes, including not only mea-
surements for mobility management but also
channel quality measurements, cell-specific refer-
ence signals are transmitted in the downlink.

The transmitted signal is organized into sub-
frames of 1-ms duration, each consisting of 14 or
12 OFDM symbols, depending on whether normal
or extended cyclic prefix is used. Ten subframes
form a radio frame as shown in Fig. 2. The short
subframe duration of 1 ms results in small delays,
not only for user data, but also for control signal-
ing such as the hybrid automatic repeat-reQuest
(ARQ) feedback and channel-quality feedback
from the terminals to the base station.

As illustrated in Fig. 2, LTE supports FDD,
as well as TDD, the latter commonly referred to
as TD-LTE. Although the time-domain structure
is, in most respects, the same for both duplexing
schemes, there are some differences between the
two, most notably the presence of a special sub-
frame in TD-LTE to provide the required guard
time for downlink-to-uplink switching as further
elaborated below.

An intrinsic characteristic of radio communi-
cation is fading, which results in the instanta-
neous radio-channel quality varying in time,
space, and frequency. Due to the use of OFDM-
based transmission, LTE can use channel-depen-
dent scheduling in both the time and frequency
domain to exploit rather than suppress such
rapid channel-quality variations, thereby achiev-
ing more efficient utilization of the available
radio resources. This is illustrated in Fig. 3. The
scheduler determines, for each 1 ms subframe,
which users(s) are allowed to transmit, on what
frequency resources the transmission is to take
place, and what data rate to use. The short sub-
frame duration of 1 ms allows relatively fast
channel variations to be tracked and utilized by
the scheduler. In the frequency domain, the
scheduling granularity is 180 kHz. Note that
both the downlink and uplink transmissions are
controlled by the scheduler located in the base
station. The scheduler is thus a key element and
to a large extent determines the overall downlink
system performance, especially in a highly load-
ed network. To aid the downlink scheduler in its
decision, the instantaneous channel-quality at
the terminals is estimated and fed back to the
base station, possibly as often as once per sub-
frame. In the uplink, the terminals can be con-
figured to transmit a sounding reference signal,
the reception quality of which may be used for
uplink channel-dependent scheduling.

To handle occasional retransmission errors,
LTE includes a two-layered retransmission
scheme: a fast hybrid-ARQ protocol with low
overhead feedback and support for soft combin-
ing with incremental redundancy is complement-
ed by a highly reliable selective-repeat ARQ

Data flows
Z
RLC
v
. - ¥
Payload selection =I Segmentation, ARQ
o
Priority handling, (MAC L\AAA
payload selection | Multiolexin |
| p [¢]
Retransmission l
cantral :I Hybrid ARQ |
o
]
= e
E PHY A
S Code rate ;I Coding, rate matching |
Modulation l
scheme
;I Modulation |
| DFT E
Antennaand | @ s-----o-ooopoooooooooo
resource I
assignment »|  Antenna mapping
OFDM modulation

|_—Uplink only

B Figure 1. LTE protocol structure (simplified).

protocol. This can be seen in Fig. 1 with hybrid-
ARQ located in the MAC layer and ARQ in the
RLC layer. The use of a two-layered mechanism
achieves low latency and low overhead without
sacrificing reliability. Most errors are captured
and corrected by the lightweight hybrid-ARQ
protocol, which provides feedback to the trans-
mitter for each transmitted subframe; only
rarely, in terms of latency and overhead, the
more expensive ARQ retransmissions are
required. The tight coupling between the two
retransmission layers is possible because both
mechanisms are terminated in the base station.
To support the LTE features, scheduling
decisions, hybrid-ARQ feedback, channel-status
reports, and other control information must be
communicated between the base station and the
terminal. In the downlink, the control signaling
is transmitted using (typically) up to three of the
first OFDM symbols in each subframe. The code
rate of the control signaling for each terminal
can be adjusted individually to match the instan-
taneous channel conditions and to minimize the
overhead. Also, the total amount of resources in
the downlink used for control signaling can be
varied dynamically to minimize the overhead.

SPECTRUM FLEXIBILITY —
TRANSMISSION BANDWIDTH

Depending on regulatory aspects in different
geographical areas, radio spectrum for mobile
communication is available in different frequen-
cy bands of different sizes and comes as both
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paired and unpaired bands. Paired frequency
bands implies that uplink and downlink trans-
missions are assigned separate frequency bands,
whereas in the case of unpaired frequency bands,
uplink and downlink must share the same fre-
quency band. Also, at least in an initial migra-
tion phase, different radio-access technologies
often must be able to operate jointly in the same
spectrum band. Spectrum flexibility, enabling
operation under all these conditions, is one key
feature of the LTE radio access.

LTE is able to operate not only in different
frequency bands, but it also can be deployed
with different bandwidths in order to operate in
spectrum of different sizes, as well as to enable
efficient migration of other radio-access tech-
nologies to LTE. More specifically, as illustrated
in Fig. 4, LTE allows for an overall system band-
width ranging from as small as 1.4 MHz up to 20
MHz, where the later is required to provide the
highest LTE data rates. All terminals support

the widest bandwidth. Unlike previous cellular
systems, LTE provides the possibility for differ-
ent uplink and downlink bandwidths, enabling
asymmetric spectrum utilization.

To enable a terminal to access a cell prior to
knowing the cell bandwidth and the duplexing
scheme, the system information occupies only
the most narrow bandwidth supported by LTE
and is located in subframes guaranteed to be
downlink subframes. After the terminal acquires
the system information, the cell bandwidth and
the duplexing scheme is known, and the terminal
can access the cell based on this knowledge.

SPECTRUM FLEXIBILITY — DUPLEX SCHEME

An important part of spectrum flexibility, as pre-
viously mentioned, is the possibility to operate in
paired, as well as unpaired, spectrum allocations.
Support for paired and unpaired spectrum is in
itself not new to 3GPP. However, in the past this
has been accomplished through different 3G
radio-interface specifications: WCDMA for
FDD and TD-SCDMA, as well as TD-CDMA
for TDD, resulting in dual-mode terminals being
relatively uncommon so far. Therefore, a strong
requirement [5] of the LTE design was to pro-
vide a single radio interface supporting both
FDD and TDD to provide an even larger econo-
my-of-scale benefit to both duplex schemes.
Virtually all of the physical-layer processing is
identical for FDD and TDD, enabling low-cost
implementation of terminals supporting both the
FDD and TDD modes of operation. The differ-
ence between the two is mainly in the frame
structure as illustrated in Fig. 2.
¢ In the case of FDD operation (upper part
of Fig. 2), there are two carrier frequencies,
one for uplink transmission (fyr) and one
for downlink transmission (fpr ). Thus, dur-
ing each frame, there are ten uplink sub-
frames and ten downlink subframes; and
uplink and downlink transmission can occur
simultaneously within a cell. Inherently
there is a one-to-one relation between
downlink and uplink subframes, which is
exploited in the control-signaling design.
¢ In the case of TDD operation (lower part of
Fig. 2), there is only a single-carrier frequen-
¢y, and uplink and downlink transmissions
always are separated in time, also on a cell
basis. To meet different requirements on
uplink-downlink traffic asymmetries, seven
different uplink-downlink configurations are
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supported in TDD, providing downlink-
uplink periodicities of 5 ms or 10 ms and
downlink-to-uplink ratios from 2:3 to 9:1. As
the number of uplink and downlink sub-
frames in a radio frame can differ, there is
no inherent one-to-one relation between
downlink and uplink subframes, resulting in
some minor differences in the control-signal-
ing design between FDD and TDD.

An essential part of any TDD system is the
provisioning of sufficiently large guard periods
during which equipment can switch between
transmission and reception with no overlap of
signals to be transmitted and received. In LTE,
guard periods are created by splitting one or two
subframes, referred to as special subframes, in
each radio frame into three fields: a downlink
part (DwWPTS), a guard period (GP), and an
uplink part (UpPTS).

The downlink part of the special subframe
(DWPTS) can be viewed as an ordinary, albeit
shorter, downlink subframe and is used for
downlink data transmission. Its length can be
varied from three up to twelve OFDM symbols.
Unlike normal subframes, where the control
region can span up to three OFDM symbols, the
maximum control region in DwPTS is two
OFDM symbols. The reason is the location of
the primary synchronization signal in the third
OFDM symbol of the DWPTS in the case of
TDD operation. On the other hand, for FDD
the synchronization signal is located in the mid-
dle of subframe zero and five. The difference in
synchronization-signal location enables the ter-
minals to detect the duplex of the cell already at
initial synchronization to a carrier.

The uplink part of the special subframe
(UpPTY) has a short duration, one or two OFDM
symbols, and can be used for transmission of
uplink sounding-reference signals and random
access. Sounding-reference signals are known sig-
nals, transmitted from the terminals and enabling
the base station to estimate uplink channel-quali-
ty, for example, for the purpose of uplink chan-
nel-dependent scheduling and link adaptation. In
addition to the UpPTS, uplink-channel sounding
also can use the normal subframes in the same
manner as in FDD. Random access typically uses
one of the normal subframes as in FDD, enabling
a relatively long random-access preamble to also
provide coverage and capacity in large cells.
However, in scenarios where random-access cov-
erage is not an issue, a short random-access
preamble in the UpPTS can be used instead.

The remaining symbols in the special subframe,
which have not been allocated to DWPTS or
UpPTS, are used to provide the guard period for
the downlink-to-uplink and the uplink-to-downlink
switch. The length of the guard period depends on
several factors. First, the guard period must be
sufficiently long to handle the propagation delay
in the cells. To be time aligned at the base sta-
tions, terminals closer to the cell edge must start
their transmission earlier in time than those close
to the base stations. Obviously, the transmission at
a cell-edge terminal cannot start until the down-
link has been received completely. Hence, the
guard period must cover the maximum roundtrip
propagation delay within the cell in addition to the
time it takes for a terminal to switch from recep-
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B Figure 4. LTE spectrum (bandwidth and duplex) flexibility. Half duplex

FDD is seen from a terminal perspective.

tion to transmission. In addition, the guard time
also must be selected by taking base-station-to-
base-station interference into account. Due to the
propagation delay, a downlink transmission from a
distant base station is still “in the air” at the base
station trying to receive uplink transmissions even
though all base stations switched from downlink to
uplink at the same time. With the DwPTS and
UpPTS durations mentioned above, LTE supports
a guard period ranging from two to ten OFDM
symbols (140-667 us), sufficient for cell sizes up to
and beyond 100 km.

Supporting multiple configurations of the
special subframe is useful not only to support
different cell sizes and propagation conditions as
discussed above, but also to support coexistence
between LTE and other, already deployed TDD
systems, most notably TD-SCDMA [5]. To avoid
inter-system interference (without resorting to
expensive filtering of large guard bands), uplink
and downlink transmissions in LTE and TD-
SCDMA should be mutually aligned, that is, the
downlink-uplink switch-points should coincide
between the two systems. The subframe duration
of LTE and the universal terrestrial radio access
(UTRA) TDD technologies TD-SCDMA and
TD-CDMA are 1 ms, 0.675 ms, and 0.667 ms,
respectively, making such an alignment challeng-
ing. However, the use of the special subframe in
LTE offers an elegant solution to this problem.
By selecting the appropriate length of the
DwPTS and UpPTS, switch-point alignment
between LTE-TDD and TD-SCDMA (and other
TDD-based radio-access schemes) can be
achieved. In fact, coexistence with TD-SCDMA
was one of the main technical reasons for the
introduction of the special subframes.

MULTI-ANTENNA TRANSMISSION

Support for multi-antenna transmission was an
integral part of LTE from the first release, and the
channel quality measurements for link adaptation
and scheduling are designed to cater to this. The
fact that the performance requirements are set,
assuming all terminals support at least two receive
antennas, is important because it enables the net-
works to be planned, assuming at least the pres-
ence of downlink-receive diversity. More advanced
multi-antenna schemes also are supported by
LTE, including transmit diversity, spatial multi-
plexing (including both so-called single-user multi-
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H Figure 5. Multiple-antenna techniques in LTE.

ple-input multiple-output [MIMO], as well as
multi-user MIMO) with up to four antennas, and
beamforming. Which of the schemes (or which
combination of the schemes) to use depends on
the scenario (Fig. 5). In the uplink, both open-
and closed-loop transmit-antenna selection are
supported as optional features.

LTE transmit diversity is based on so-called
space-frequency block coding (SFBC), comple-
mented with frequency-switched transmit diversi-
ty (FSTD) in the case of four transmit antennas
[1]. Transmit diversity is primarily intended for
common downlink channels to provide addition-
al diversity for transmissions for which channel-
dependent scheduling is not possible. However,
transmit diversity also can be applied to user-
data transmission, for example, to voice-over-IP
(VoIP), where the relatively low user-data rates
may not justify the additional overhead associat-
ed with channel-dependent scheduling.

In case of spatial multiplexing, multiple anten-
nas at both the transmitter (base station) and
the receiver (terminal) side are used to provide
simultaneous transmission of multiple, parallel
data streams, also known as layers, over a single
radio link, thereby significantly increasing the
peak data rates that can be provided over the
radio link. As an example, with four base-station
transmit antennas and a corresponding set of (at
least) four receive antennas at the terminal side,
up to four data streams can be transmitted in
parallel over the same radio link, effectively
increasing the data rate by a factor of four.

LTE multi-stream transmission is pre-coder
based. A number of transmission layers are
mapped to up to four antennas by means of a
precoder matrix of size N xN;, where the num-
ber of layers N;, also known as the transmission
rank, is less than or equal to the number of
antennas N4. The transmission rank, as well as
the exact precoder matrix, can be selected by the
network, based on channel-status measurements
performed and reported by the terminal, also
known as closed-loop spatial multiplexing.

In the case of spatial multiplexing, by select-
ing rank-1 transmission, the precoder matrix,
which then becomes an N4x1 precoder vector,
performs a (single-layer) beamforming function.
More specifically, this type of beamforming can
be referred to as codebook-based beamforming

as the beamforming can be done only according
to a limited set of pre-defined beamforming
(precoder) vectors.

In addition to the codebook-based beam-
forming as a special case of the LTE spatial mul-
tiplexing, LTE also supports more general
non-codebook-based beamforming. In contrast to
codebook-based beamforming, in the case of
non-codebook-based beamforming, the terminal
must make an estimate of the overall beam-
formed channel. To enable this, LTE provides
the possibility for the transmission of user equip-
ment (UE)-specific reference symbols, transmit-
ted using the same beamforming as the user
data, and enabled for the terminal to estimate
the overall beamformed channel.

PowEerR CONTROL AND
INTER-CELL INTERFERENCE COORDINATION

LTE provides (intra-cell) orthogonality between
users in both uplink and downlink, that is, at
least in the ideal case, no interference between
transmissions within the same cell but only inter-
ference between cells. Hence, LTE performance
in terms of spectrum efficiency and available
data rates is, relatively speaking, more limited by
interference from other cells (inter-cell interfer-
ence) compared to WCDMA/HSPA, especially
for users at the cell edge. Therefore, the means
to reduce or control the inter-cell interference
potentially can provide substantial benefits to
LTE performance, especially in terms of the ser-
vice (data rates, etc.) that can be provided to
users at the cell edge.

Uplink power control is one of the mecha-
nisms in LTE used for this purpose. It is used to
control not only the received signal strength in
the intended cell, but also to control the amount
of interference in neighboring cells. LTE uplink-
power control supports fractional path-loss com-
pensation, implying that users close to the cell
border use relatively less transmit power, and
thus generate relatively less interference to
neighbor cells. However, LTE provides more
advanced interference-handling schemes as well.

Inter-cell interference coordination (ICIC) is
in essence a scheduling strategy used to limit the
inter-cell interference. A simple method to
improve cell-edge data rates is to restrict the
usage of parts of the bandwidth statically, for
example, through a reuse larger than one. Such
schemes improve the signal-to-interference ratios
of the used frequencies. However, the loss due to
reduced bandwidth availability is typically larger
than the corresponding gain due to higher signal-
to-interference ratio, leading to an overall loss of
efficiency. Therefore, the LTE standard provides
tools for dynamic inter-cell-interference coordina-
tion of the scheduling in neighbor cells such that
cell-edge users in different cells preferably are
scheduled on complementary parts of the spec-
trum when required. Note that a major difference
from static reuse schemes is that LTE still allows
for the total available spectrum to be used in all
cells. Bandwidth restrictions are applied only
when motivated by traffic and radio conditions.

Interference coordination can be applied to
both uplink and downlink, although with some
fundamental differences between the two links. In
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the uplink, the interference originates from sever-
al geographically separated terminals, and thus,
the overall interference varies over time with the
scheduling decisions. On the other hand, in the
downlink, the interference originates from the
stationary base stations. Hence, the observed
interference depends more heavily on the schedul-
ing decision in the uplink case, compared to the
downlink case, and it could be argued that inter-
cell interference coordination can be more suited
to the uplink. Also, as the LTE interference-coor-
dination mechanism is based on scheduling
restrictions in the frequency domain, it is suited
mainly for relatively narrowband services not
requiring the full system bandwidth. As the uplink
transmission power generally is significantly small-
er than the downlink transmission power, uplink
transmissions tend to be more narrowband in
nature than downlink transmissions. Also, this
indicates that inter-cell-interference coordination
tends to find its main application in the uplink.

To aid uplink inter-cell coordination, LTE
defines two indicators exchanged between base
stations: the high-interference indicator and the
overload indicator.

The high-interference indicator provides
information to neighboring cells about the part
of the cell bandwidth upon which the cell intends
to schedule its cell-edge users. Because cell-edge
users are susceptible to inter-cell interference,
upon receiving the high-interference indicator, a
cell might want to avoid scheduling certain sub-
sets of its own users on this part of the band-
width. This subset includes users close to the cell
that issues the high-interference indicator.

The overload indicator provides information
on the uplink interference level experienced in
each part of the cell bandwidth. A cell receiving
the overload indicator may reduce the interfer-
ence generated on some of these resource blocks
by adjusting its scheduling strategy, for example,
by using a different set of resources, and in this
way, improve the interference situation for the
neighbor cell that issues the overload indicator.

In the downlink, inter-cell coordination implies
restrictions of the transmission power in some
parts of the transmission bandwidth. In principle,
this parameter could be configured on a static
basis; however, as mentioned above, this is not
very efficient. Instead dynamic, downlink coordi-
nation is supported through the definition of a
relative narrowband transmission-power indicator.
A cell can provide this information to neighboring
cells, indicating the part of the bandwidth where
it intends to limit the transmission power. A cell
receiving the indication can schedule its downlink
transmissions within this band, reducing the out-
put power or completely freeing the resources on
complementary parts of the spectrum. A crucial
part of the supported inter-cell-interference coor-
dination scheme in LTE is that full-frequency
reuse in neighboring cells is possible.

Both uplink and downlink inter-cell-interfer-
ence coordination strategies benefit from knowl-
edge about the radio-wise position of a terminal
relative to neighbor cells. For example, such
knowledge can be obtained from the terminals
measuring the signal strength from different
cells, measurements that are required for mobili-
ty purposes in any case.

PERFORMANCE EVALUATION

To illustrate the LTE spectrum efficiency, a set
of simulations was performed. To assess the ben-
efits of some of the key features discussed above,
the individual performance gains enabled by
those features also are evaluated. This is accom-
plished by comparing the LTE FDD perfor-
mance with a reference FDD system using more
conventional techniques in the areas of multi-
antennas transmission, scheduling, power con-
trol, and control channel design (represented by
overhead and feedback delays). The characteris-
tics of the reference system, as well as of the
LTE system are listed in Table 1.

In general, system performance depends on
the scenario, models, and assumptions used in
the evaluations. In this study, these are aligned
with the recommendations from next-generation
mobile networks (NGMN) [6], which in turn are
aligned with the 3GPP. In short, an urban envi-
ronment, 500 m inter-site distance, indoor termi-
nals, 2 GHz frequency band, and 10 MHz
bandwidth are assumed. More details are listed
in Table 1. Figure 6 shows spectrum efficiency
results for downlink and uplink. The LTE spec-
trum efficiencies are illustrated by the upper-
most bars. In both directions, the achieved
spectrum efficiency well exceeds the target 1.53
bit/s/Hz/sector in downlink and 0.66 bit/s/Hz/sec-
tor in uplink set by the 3GPP at the start of the
LTE design [5]. Also, the more difficult uplink
requirement of 0.99 bit/s/Hz/sector set by the
NGMN [7] is reached. The individual impact of
the features, in the simulations assessed by
replacing the LTE functionality with the corre-
sponding simpler functionality, is shown in the
lower bars. The percentage figure to the left rep-
resents the individual feature impact, and the
percentage figure to the right represents the
accumulated impact of the features combined.
As an example, the lowest bar in the left part of
Fig. 6 represents a system without several of the
LTE features. This example system uses simpler
scheduling, has a larger channel-quality-indicator
(CQI) delay and a larger control-channel over-
head, and does not use MIMO, resulting in a
spectral efficiency of 1.07 bit/s/Hz/sector, that is,
a spectral efficiency loss of 38 percent of which
the absence of MIMO accounts for 6 percent.
Note that without the key features, the targets
would not have been reached.

The uppermost bars also include TD-LTE
spectrum efficiencies. For TDD, the spectrum
efficiency is normalized by downscaling the sys-
tem bandwidth with the relative time utilization
(for data symbols) in the direction in question. It
is seen that in both downlink and uplink, the
normalized FDD and TDD performance is
indeed similar. The differences are due to the
TDD guard period, the UpPTS, and the slightly
longer channel-quality-feedback delays for TDD.

LTE-ADVANCED — LTE EVOLUTION
TOWARD IMT-ADVANCED

As the work on the first release of LTE approach-
es its completion, activities on the further evolu-
tion of LTE are beginning to take shape within
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System Models

Scheduler

MIMO

Power control

Overhead

TDD asymmetry

CQl delay

BS/Terminal power
Antenna configurations

Receiver type

LTE: DL: Proportional fair in time and frequency, UL: Quality-based FDM

Reference: DL: Proportional fair in time, UL: FDM

LTE: Codebook-based pre-coded adaptive rank MIMO

Reference: Dynamic switching between spatial multiplexing MIMO and STC

LTE: Open loop with fractional pathloss compensation (o. = 0.8), SNR target 10 dB at cell edge
Reference: Open loop with full pathloss compensation (o = 1.0), SNR target 15 dB

LTE: Based on LTE specification and NGMN assumptions
Reference: Estimation of overhead with joint coding (non-user-adaptive), UL reference signals

supporting distributed allocation

DL: 2 subframes + 12 symbols DwWPTS, UL: 2 subframes + 1 symbol UpPTS, GP: 1 symbol

LTE: Corresponding to 1 ms subframes
Reference: Corresponding to 5 ms subframes

46 dBm/23 dBm

BS: 2 transmit and receive; Terminal: 1 transmit, 2 receive

MMSE, with SIC in DL

User Behavior Models

Traffic Model

User location

Full buffer (10 users per sector)

Uniform distribution

Terminal speed 3 km/h
Radio Network Models

Site-to-site distance 500 m
Carrier frequency 2.0 GHz
Carrier bandwidth 10 MHz

Distance-dependent pathloss

Lognormal shadowing

Channel model

L =1+ 37.6:log19(R) + P, Rin km, | = 128.1 for 2 GHz, P = 20 dB penetration loss

8 dB std dev, 50 m correlation distance, 0.5 correlation between sites

3GPP SCM, extended to 10MHz

H Table 1. Models and assumptions.

the 3GPP. In April 2008, the study item,

“Requirements for Further Advancements for E-

UTRA,” often referred to as “LTE-Advanced,”

was initiated. The aim of “LTE-Advanced” is to

further enhance LTE radio access in terms of sys-
tem performance and capabilities [8], with a spe-
cific goal to ensure that LTE fulfills all
requirements of “IMT-Advanced” as defined by

the International Telecommunication Union [9].
At the time of this writing, the work on LTE-

Advanced within the 3GPP is still in an early

phase with several technology components being

discussed. These components include:

e Carrier aggregation: for example, where mul-
tiple component carriers of 20 MHz are
aggregated to support transmission band-
widths of up to 100 MHz; MHz are aggre-

gated to form a larger overall bandwidth of
up to 100 MHz to provide for very high
data rates.

* Relaying to improve coverage and reduce

deployment cost.

o Extended multi-antenna transmission,

increasing the number of downlink trans-
mission layers to eight and the number of
uplink transmission layers to four, to
increase the data rates.

* Coordinated multipoint (CoMP) transmis-

sion/reception, where transmission/reception
is performed jointly across multiple cell
sites (mainly) to improve cell-edge perfor-
mance. To some extent, COMP can be seen
as an extension of ICIC, already present in
the first release of the specifications.
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Downlink Uplink
T T T T T T T T T T T T T
LTE| 0% 0% 1.73 [ LTE| 0% 0% 1.05; B
TDD: 1.66 TDD: 0.94
Scheduling | -15% -15% 1.47 H OH/CCH eff| -37% -37% 0.66 .
CQl delay| -13% -26% 1.28 - CQl delay| -14% -46% 0.56 -
OH / CCH eff| -11% -35% 1.13 . PC| -11% -52% 0.50 .
MIMO| -6% -38% 1.07 . Scheduling| -9% -56% 0.46 .
1 1 1 1 1 1 1 1 1 1 1 1 1
0 02 04 06 038 1 1.2 14 1.6 0 0.2 0.4 0.6 0.8 1 1.2
Spectrum efficiency [bps/Hz/sector] Spectrum efficiency [bps/Hz/sector]
B Figure 6. Spectrum efficiency in downlink and uplink.
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