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Abstract:This paper is part of a conceptual study of a
multiuser OFDM system. In previous reports we have
examined requirements for the air interface and pre-
sented uncoded performance (in terms of bit error rate)
for the uplink of such systems. In this report we adopt
the user allocation structure from the previous parts of
the study and examine the role of channel coding. We
present performance simulations that illustrate the
effects of a convolutional code exploiting channel diver-
sity, and channel estimator performance exploiting the
channel correlation.

I. INTRODUCTION

Multimedia services in fixed networks will in a longer
perspective prompt for mobile access. TheUniversal
Mobile Telecommunications System (UMTS) is believed to
fulfil such demands. With a flexible air interface, optimized
for support of high and variable bit rate services, future sys-
tems with mobile access may be able to handle many types
of services in many different environments.

Orthogonal Frequency Division Multiplexing (OFDM)
[1] has proven its potential in wired systems and in broad-
cast low-rate wireless systems employing differential mod-
ulation schemes [2][3][4]. To a smaller extent, OFDM has
gained some interest for mobile communication applica-
tions as well, see for instance [5]. This paper examines the
possibilities and problems associated with an OFDM-based
multiple access system.

In previous studies a user allocation scheme and a chan-
nel estimation concept were proposed [7][8]. In this part we
evaluate the system performance in terms of the coded bit
error rate. Since several parameter choices are done on an
ad hocbasis and some system parts are assumed ideal, the
performance results must be seen as illustrative examples of
possibilities in the uplink of an OFDM-based system. This
paper aims to explain the effects of channel diversity and
channel estimator performance.

In Section II we review the system model and the user
allocation. Section III discusses the possible trade-off
between diversity and channel estimation performance.
Simulations illustrate this trade-off in Section IV, and in

Section V the consequences of the simulation results for the
design of the system are summarized.

II. SYSTEM MODEL, ENVIRONMENT AND USER
ALLOCATION

Figure 1 illustrates the baseband OFDM system model
we use. We consider the transmission of complex numbers

, taken from some signal constellation. Specifically, we
concentrate on 4-PSK.

Figure 1: Baseband model of an OFDM system.

The data  are modulated onN subcarriers by an
inverse discrete Fourier transform (IDFT) and the lastL
samples are copied and put as a preamble (cyclic prefix) [9]
to form the OFDM symbol . This data vector is serially
transmitted over the channel, whose impulse response is
shorter thanL samples. The cyclic prefix is removed at the
receiver and the signal  is demodulated with a discrete
Fourier transform (DFT). We assume that the insertion of a
cyclic prefix [9] avoids ISI and preserves the orthogonality
between the subchannels, resulting in the simple input-out-
put relation

, (1)

where  is the channel attenuation at thekth subcarrier
and  is additive white Gaussian noise. In spite of the loss
of transmission power and bandwidth associated with the
prefix, the simple channel estimation and equalization gen-
erally motivate the use of the cyclic prefix.

As a frame-work for the oncoming analysis, we adopt
the following scheme: Each user is assignedK simultane-
ous rectangular transmission symbol blocks, (size  sym-
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bols and  subcarriers in each block). After the
transmission of  OFDM symbols, the K transmission
blocks are re-located in frequency, similar to a frequency
hopping system. Figure 2 shows the relevant parameters in
the context of the user allocation structure.

Figure 2:  Characteristics of the allocation design in a
multi-user OFDM system.

The estimation of the channel attenuations is performed
with the aid of pilots and all attenuations of that block are
estimated by linear interpolation [8].

With this allocation scheme, different bit rates and dif-
ferent performance will be achieved by changing the sizes
of the blocks (nf, nt) and/or the number of blocks to trans-
mit. The consequences of these changes will be explained
in the next section.

III. DIVERSITY, CODING AND INTERLEAVING

For reliable transmission the use of channel coding is
necessary. Depending on the number of separate propaga-
tion paths, the fading channel exhibits a certain amount of
natural diversity. Proper channel coding and interleaving
can exploit this diversity.

In the user-allocation structure described in Section II,
we assume that the different blocks are placed sufficiently
far apart in time and frequency such that channel attenua-
tions in different blocks are uncorrelated. This means that
the distance in time and the distance in frequency between
two blocks are significantly larger than the coherence time
and the coherence bandwidth, respectively, of the channel.

The effective code length of the convolutional code and
the number of independent blocks we use for interleaving
determine the channel diversity we can gain [6]. For a fixed
code the obtained system diversity depends on both the
number of independent blocks used for interleaving and the
size of each block. The freedom in these choices is bounded
by the required data rate, minimum number of users, and
the maximum transmission delay.

In [8] we have shown that a good choice for the shape of
a block reflects the correlation of the channel. We will use
this principle in this part as well. The absolute size of a
block is yet to be chosen. From a channel estimation point
of view it is preferable to choose the blocks as large as pos-
sible. More pilots are then available for use in the channel
estimation, thus increasing the overall system performance.
From the diversity point of view, however, we need to
choose sufficiently many blocks to allow for proper inter-
leaving (given a maximum allowed transmission delay).
Given a fixed data rate, blocks become smaller as we need
more of them.

Since the channel coding requirements seem to be con-
tradictive with the channel estimation requirements, it is
important to study the different aspects of block sizes ver-
sus the bit-error rate in the system. In the next section, we
evaluate by simulation, the effects of block size in a coded
system with channel estimation.

IV. SIMULATION RESULTS

In order to examine the performance for a coded system
with different parameter settings, simulations were per-
formed. The simulation model follows the description of
the baseband model in Section II.

The simulated OFDM system modulates 4-PSK on 1024
subcarriers, with a subcarrier-spacing of 5 kHz. This gives
a total bandwidth of about 5 MHz as discussed in [7]. A
cyclic prefix of 128 samples is prepended to the OFDM
symbol before transmission to avoid inter-symbol and
inter-carrier interference. This yields an OFDM symbol
time of 225µs.

Before transmission the information bits are coded with
a rate 1/2, constraint length 7, convolutional code [10]
(octal code polynomials 133 and 171). This code has been
shown to perform well in fading channels [11]. The in-
phase and quadrature components are modulated coded
separately. In the receiver soft decision decoding is per-
formed.

The channel model is a multipath Rayleigh fading model
with an exponential power delay profile and classical Dop-
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pler spectra according to Jakes’ model [12]. During all sim-
ulations the RMS-delay spread was set to 2.2µs with a
maximum Doppler frequency of 100 Hz. This corresponds
to a vehicle speed of about 50 km/h. With our system
parameter choice the RMS-delay spread corresponds to
approximately 1% of the OFDM symbol time and the Dop-
pler spread to 2% of the subcarrier spacing. To achieve suf-
ficient statistics the model ran until 100 bit errors were
found, however at least 105 bits of information and then.

During all simulations the chosen pilot pattern was kept
fixed, because no investigation about the optimum pilot
position placement has been performed. Investigations in
part two of this report series [8] imply however that the
basic pattern we use is good. This pilot pattern is illustrated
in Figure 3. Note the consistency with part two of this
report series where the size of the blocks are motivated (see
also Figure 2). The transmission uses a total of 9.1% of
pilot symbols during the transmission (as a comparison the
GSM system uses approximately 18% for pilot symbols).

The information is placed inM successive blocks of 5
tones and 11 OFDM symbols respectively. With five pilot
symbols per block and a maximum time delay of 15 ms, the
lowest achievable data rate is about 3.4 kbit/s. By adding
more blocks within the interleaving depth, the data rate can
be increased in multiples thereof. The coded symbols are
placed in the order indicated in Figure 3. When the trans-
mission usesM blocks the coded symbols are placed on the
first position in all blocks, then the second, third etc.

Figure 3:  The block structure, pilot symbols marked
with X, M=2.

One of the most important aspects when evaluating the
performance of a coded system is the diversity aspect. In
the above described OFDM system, performance increases

as the number of interleaved blocks,M, increases. This is
illustrated in Figure 4.

Figure 4:  Diversity gain in a coded OFDM system,
perfect channel knowledge.

If the size of the blocks is kept constant, variable bit
rates can be achieved by changing the number of blocks to
transmit on, i.e. the value M. A very interesting aspect is
that with this sort of transmission scheme the system per-
forms better (is optimized) for high bit rate services, which
is one of the key issues for UMTS, as identified in part one
of this report series [7].

The performance of the LMMSE channel estimator in
combination with coding is illustrated in Figure 5. As a
comparison the performance of the system with perfect
channel knowledge is also plotted. The LMMSE channel
estimator was designed for a uniform channel, but there is
no mismatch in the delay and Doppler spread parameters. It
can be seen that for a bit error rate of 10-3 the performance
loss is about 2 dB. It should be remembered that only 9% of
the transmission rate has been allocated for pilot symbols.
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Figure 5:  Performance of LMMSE channel estimator.

Another way to achieve different bit rates is to change
the size of the blocks. The propotions of the block size
should still correspond to the channel correlation function.
This was simulated by a simple grouping of several blocks
together into larger blocks as illustrated in Figure 6.

Figure 6:  Implementation of different block sizes

A larger block size will increase the channel estimator
performance but also lower the diversity to use (for a fixed
bit rate). Simulation results are illustrated in Figure 7 where
a bit rate of about 120 kbit/s has been implemented in three
different ways, with three different block sizes. The pilot
pattern has not been optimized for the different block sizes,
which leads to only indicative results. During the simula-
tions the relative amount of pilot symbols were kept to
9.1%.

Figure 7 indicates that it is preferable to use many small
blocks than a few bigger. The performance gain when the
block size is increased (due to better channel estimation) is
not as large as the performance gain due to increased diver-
sity. It is also preferable with smaller blocks, as they give
the possibility to change the bit rate in small steps.

Figure 7:  Performance for different block sizes

V. CONCLUSIONS

In this report we have investigated the performance of a
coded OFDM system with LMMSE channel estimation in a
fading environment. We have shown the importance of the
diversity aspects in OFDM since the transmission can use
both time and frequency diversity. With our transmission
scheme, system performance is optimized for high bit rate
services, a key issue for UMTS as identified in part one of
this report series [7].

In the trade-off between channel diversity and channel
estimator performance, the diversity aspect seems to be of
most importance. A system design with many small blocks
is therefore preferred over a system with a few large blocks.

Future issues to be investigated are the choice of the
pilot pattern,i.e., how to place the pilot symbols in an opti-
mum way, how to choose a suitable channel code for this
transmission scheme and whether it is possible to synchro-
nize the system with the same pilot symbols that are used
for the channel estimation.
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