
    

IEEE Communications Magazine ¥ April 200944 0163-6804/09/$25.00 ' 2009 IEEE

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 ms,
suitable for most deployments and an extended
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cyclic prefix of 16.7 ms 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

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 Ñ
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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Figure 1. LTE protocol structure (simplified).
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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 Ñ 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 (fUL) and one
for downlink transmission (fDL). 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-
cy, 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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Figure 2. LTE frame structure.
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Figure 3. Channel-quality variations in frequency and time.
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