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INTRODUCTION

WIMAX systems are based on the IEEE 802.16-2004 and IEEE 802.16e-2005 standards which define
a physical (PHY) layer and the medium access control (MAC) layer for broadband wireless access
systems operating at frequencies below 11 GHz. The first of these standards, published in 2004,
addresses fixed services, and the second, published in 2005, is intended for mobile services. In this
paper, we focus on mobile WiMAX systems based on the IEEE 802.16e-2005 standard [1].

The IEEE 802.16e-2005 specifications actually define three different PHY layers: Single-carrier
transmission, orthogonal frequency-division multiplexing (OFDM), and orthogonal frequency-division
multiple access (OFDMA). The multiple access technique used in the first two of these PHY
specifications is pure TDMA, but the third mode uses both the time and frequency dimensions for
resource allocation. From these 3 PHY technologies, OFDMA has been selected by the WiMAX
Forum as the basic technology for portable and mobile services. Compared to TDMA-based systems,
it is known that OFDMA leads to a significant cell range extension on the uplink (from mobile stations
to base station). This is due to the fact that the transmit power of the mobile station is concentrated in
a small portion of the channel bandwidth and the signal-to-noise ratio (SNR) at the receiver input is
increased. Cell range extension is also achievable on the downlink (from base station to mobile
stations) by allocating more power to carrier groups assigned to distant users. Another interesting
feature of OFDMA is that it eases the deployment of networks with a frequency reuse factor of 1, thus
eliminating the need for frequency planning.

Since radio resources are scarce and data rate requirements keep increasing, spectral efficiency is a
stringent requirement in present and future wireless communications systems. On the other hand,
random fluctuations in the wireless channel preclude the continuous use of highly bandwidth-efficient
modulation, and therefore adaptive modulation and coding (AMC) has become a standard approach in
recently developed wireless standards, including WiMAX. The idea behind AMC is to dynamically
adapt the modulation and coding scheme to the channel conditions to achieve the highest spectral
efficiency at all times [3, Chapter 9].

An additional dimension to modulation and coding aimed at increasing spectral efficiency (data rate
normalized by the channel bandwidth) is the space dimension, i.e., the use of multiple antennas at the
transmitter and receiver. More generally, multiple-antenna techniques can be used to increase
diversity and improve the bit error rate (BER) performance of wireless systems, increase the cell
range, increase the transmitted data rate through spatial multiplexing, and/or reduce interference from
other users. The WiIMAX Forum has selected two different multiple antenna profiles for use on the
downlink. One of them is based on the space—time code (STC) proposed by Alamouti for transmit
diversity [2], and the other is a 2x2 spatial multiplexing scheme. These profiles can also be used on
the uplink, but their implementation is only optional.

This paper discusses the use of multiple-antenna techniques in mobile WiIMAX systems. We first
present antenna array techniques, which primarily reduce interference and enhance the useful signal
power. Next, we give a general description of multi-input multi-output (MIMO) systems, which can be
used for different purposes including diversity, spatial multiplexing and interference reduction. Then,
we focus on the multi-antenna profiles adopted for WiMAX systems, discuss their relative merits, and
address the implementation issues. Finally, we outline the design options taken by SEQUANS
Communications and highlight their performance.

MULTIPLE-ANTENNA SYSTEMS

The performance improvement that results from the use of diversity in wireless communications is well
known and often exploited. On channels affected by Rayleigh fading, the BER is known to decrease
proportionally to SNR™ where SNR designates the signal-to-noise ratio and d designates the system
diversity obtained by transmitting the same symbol through d independently faded channels. Diversity
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stations to cut down on interference: If different sectors are assigned different frequencies or time
slots, then only those users within the same sector interfere with each other, thereby reducing the
average interference by a factor equal to the number of sectors. For example, if a 360° angular range
is divided into three sectors to be covered by three 120° sectorized antennas, then the interference in
each sector is reduced by a factor of 3 relative to an omnidirectional base station antenna. The price
paid for this reduced interference is the increased complexity of sectorized antennas, including the
need to switch a user's beam as it moves between sectors. The benefits of directionality that can be
obtained with multiple antennas must be weighed against the potential diversity or multiplexing
benefits of the antennas.
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Fig. 2: Switched-Beam (Sectorized) Array

Adaptive (smart) antenna arrays typically use phased-array techniques to provide directional gain,
which can be tightly controlled with a sufficient number of antenna elements. Phased-array techniques
work by adapting the phase of each antenna element in the array, which changes the angular
locations of the antenna beams (angles with large gain) and nulls (angles with small gain), as shown in
Fig. 3. For an antenna array with N antennas, N nulls can be formed to significantly reduce the
received power of N separate interferers. If there are N, < N interferers, then the N, interferers can be
cancelled out using N, antennas in a phased array, and the remaining N-N, antennas can be used for
diversity or multiplexing gain. Note that directional antennas must know the angular location of the
desired and interfering signals to provide high or low gains in the appropriate directions, and tracking
of user locations can be a significant impediment in highly mobile systems.
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performance analysis of different antenna array processing schemes based on the outage probability
under maximal ratio combining (MRC), optimum combining (OC), and beam steering. Though OC is
known to be the optimum technique in the presence of interference, providing diversity and
interference cancellation simultaneously, its implementation complexity is high. Therefore, it may be
best to use combined MRC (to provide diversity) and IS (to suppress the strongest interferers). The
results in [5] show that IS yields significantly better performance than MRC if the system is interference
limited and the number of dominant interferers is lower than the number of receive antennas.
Moreover, even if these conditions are not fulfilled, IS is better than MRC if the output SINR is low;
Otherwise MRC yields a better performance. An example of the performance gain of optimized
antenna as the number of antennas increases is given in Fig. 4, where Nt is the number of transmit
antennas and Nr is the number of receive antennas.
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Fig. 4: Performance under optimal antenna processing with increasing number of antennas
3. MIMO Systems

In this section, we discuss in more detail two fundamental tradeoffs mentioned in the previous section:
The first one is between the diversity gain and the multiplexing gain [6]-[7], and the second one between
performance and complexity. Focusing for simplicity on 2x2 MIMO systems, two limiting transmission
schemes are as follows. One could transmit the same symbol, say s, from the two transmit antennas.
In this case, the signal traverses four propagation paths, and, if these are affected by independent
fading, the diversity achieved is 4. On the other hand, since only one signal is transmitted per channel
use, one has no multiplexing gain with respect to single-antenna transmission. If two independent
signals are transmitted simultaneously, then each one of them traverses two independent paths, thus
achieving diversity 2, but every channel use transmits two signals, thus achieving a two-fold
multiplexing gain. One may also look for an intermediate situation, where multiplexing gain and
diversity gain are traded off: A conceptually simple way of achieving this consists of introducing a
certain amount of correlation between the symbols transmitted over the MIMO channel, which is
achieved by coding across space and time (space—time codes). These codes can be generated by
suitably combining good codes designed for single-antenna schemes (e.g., turbo or LDPC codes), or
by using ad hoc designs (e.g., the Golden Code [12]).
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Fig. 5: Schematic block diagram of Alamoulti’s transmit diversity

Suppose that (s4, sp) represent a group of two consecutive symbols in the input data stream to be
transmitted. During a first symbol period ¢, transmit (Tx) antenna 1 transmits symbol s; and Tx
antenna 2 transmits symbol s,. Next, during the second symbol period £, Tx antenna 1 transmits

symbol s; and Tx antenna 2 transmits symbol—sl* . Denoting the channel response (at the

subcarrier frequency at hand) from Tx1 to the receiver (Rx) by h; and the channel response from Tx2
to the receiver by h,, the received signal samples corresponding to the symbol periods ¢, and £, can be
written as:

r=hy s thys,+n, (1.a)
r,=hs, —hys +n, (1.b)
where n4 and n, are additive noise terms.

The receiver computes the following signals to estimate the symbols s; and s:
* * 2 2 * *
X, =hn—hyr, = (|h1| +|h2‘ )yl +hin, —hyn, (2.a)

X, = hyr +hyry = (‘hl ‘2 + ‘hz ’2 )52 +hyn, +hn, (2.b)

These expressions clearly show that x; (resp. x) can be sent to a threshold detector to estimate
symbol s; (resp. symbol s;) without interference from the other symbol. Moreover, since the useful
signal coefficient is the sum of the squared moduli of two independent fading channels, these
estimations benefit from perfect second-order diversity, equivalent to that of Rx diversity under
maximum-ratio combining (MRC).

Alamouti’s transmit diversity can also be combined with MRC when 2 antennas are used at the

receiver. In this scheme, the received signal samples corresponding to the symbol periods t; and &,
can be written as:
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which can be written in matrix form as:

The ML detector makes an exhaustive search over all possible values of the transmitted symbols and
decides in favor of (S1 , sz)which minimizes the Euclidean distance:

D(Svsz): {I’i = hy\s, = hyys, ‘2 +|’§ — hys, _hzzsz‘z} 8)

The complexity of the ML detector grows exponentially with the size of the signal constellation, and
this motivates the use of simpler suboptimum detectors in practical applications. Among those are [4],
(8], [9I:

1. Zero-forcing (ZF) detectors, which invert the channel matrix. The ZF receiver has a very small
complexity that does not depend on the modulation. However, it does not exploit completely
the system diversity and suffers from bad performance at low SNR.

2. Minimum mean-square error (MMSE) detectors, which reduce the combined effect of
interference between the two parallel channels and additive noise. The MMSE receiver
slightly improves the performance of the ZF receiver, but it requires knowledge of the SNR,
which can be impractical. Besides, it does not exploit completely the channel diversity either.

3. Decision-feedback receivers, which make a decision on one of the symbols and subtract its
interference on the other symbol based on that decision. These receivers offer improved
performance when compared to ZF and MMSE receivers, but they are prone to error
propagation and still lack optimality, which may lead to large performance losses..

4. Sphere detectors, which reduce the number of symbol values used in the ML detector. Note
that this type of detectors may preserve optimality while reducing implementation complexity.

C. Support of AAS

In WIMAX system specifications, several mechanisms and options are actually embedded to enable
the development of Antenna Array Systems (AAS). In particular, the specifications include a specific
subcarrier permutation called ‘AMC’ that has the desirable property to be identical on the downlink and
the uplink as opposed to the mandatory PUSC permutation. That way, the BS can acquire some
knowledge of the propagation conditions from the signals received from the subscriber station on the
uplink and use this knowledge to adapt its transmission using smart-antennas techniques.

D. Comparison of MIMO Options

Since the Alamouti/MRC scheme and the 2x2 spatial multiplexing scheme have a diversity order of 4
and 2, respectively, the former obviously has better BER performance when the same modulation and
coding schemes are used in both systems. Consequently, the Alamouti/MRC scheme can use a
higher-level modulation if the two schemes are required to give the same BER performance. Of
utmost interest is a performance comparison between the two MIMO schemes when they are used at
the same spectral efficiency. (Note that the Alamouti/MRC technique with a modulation scheme
transmitting 2m bits per symbol has the same spectral efficiency as the MIMO spatial multiplexing
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Constella

tion QPSK QPSK 16QAM 16QAM 64QAM 64QAM

Code rate Y2 Ya V2 Ya V2 Ya
Spectral 1 1.5 2 3 3 45
efficiency

bits/symbol)

Table 1: Constellations and convolutional coding schemes in WiMAX systems.

In single-antenna systems, the throughput is optimized through link adaptation, which selects a
constellation and a code rate as a function of the channel. This concept is called adaptive modulation
and coding (AMC). The basic idea is to measure the channel quality (for instance by estimating the
received power or the received SNR) at the mobile station. If the channel variations are sufficiently
slow so that they are essentially constant, the channel quality measurement can be fed back to the
base station with estimation error and delay that do not significantly degrade performance. The BS
can then adapt the modulation and coding schemes to the channel and optimize the overall spectral
efficiency subject to some performance criterion (for instance, the outage probability for a given packet
error rate shall be smaller than a predetermined value). Note that dedicated mechanisms such as the
Fast Feedback Channel have been incorporated specifically in the standard for the purpose of doing
link adaptation.

Fig. 7 illustrates the AMC concept when the performance criterion is that the forward error correction
(FEC) block error rate (FBER) must be smaller than 10, For different combinations of the modulation
and coding options of Table I, the figure shows the SNR thresholds above which the performance
criterion is met. (The SNR thresholds are computed for a system using MIMO matrix A at the
transmitter, two antennas with MRC at the receiver, and the ITU Pedestrian Channel A corresponding
to a speed of 3 km/hour.) For instance, 16QAM with code rate 1/2 cannot be used for SNR values
below 7 dB, because it yields an FEC block error rate greater than 10, Above this threshold, the
modulation meets the performance criterion and leads to a spectral efficiency of 2 bits per symbol.
Further, the figure shows that for SNR values exceeding 11dB, 16QAM can also be used with code
rate 3/4 and this increases the spectral efficiency from 2 to 3 bits per symbol. Based on the SNR
thresholds shown, AMC consists of using the modulation/coding combination that leads to the highest
spectral efficiency. The figure shows that some combinations of modulation and coding schemes are
not useful on the considered channel for the performance criterion used. For instance, it is
meaningless to use 64QAM with code rate 1/2, because 16QAM with code rate 3/4 gives the same
spectral efficiency and has a lower SNR threshold.
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Fig. 8: Operating SNR thresholds for adaptive modulation, coding and MIMO combinations (ITU
pedestrian channel A, speed = 3 km/hour, FBER = 1 0'3).

SEQUANS TECHNOLOGY

Receivers for efficiently detecting a signal transmitted using the Alamouti transmit diversity are well
known and easy to implement. In contrast, designing an optimum or close to optimum receiver for
signals transmitted using spatial multiplexing remains a real challenge. Among the four suboptimum
detectors described in the previous section, only sphere decoding can preserve optimality when it is
properly parameterized. However, in its original version, sphere decoding only reduces average
complexity when compared to the ML decoder, and its variable complexity over time makes it
unsuitable for a practical implementation. Constant-complexity versions of sphere decoders can be
developed [11], but their performance is no longer optimum.

In practice, spatial multiplexing is often implemented using more receive antennas than transmit
antennas. In that case, the channel matrix is better conditioned and the performance degradation of
suboptimal detectors (ZF, MMSE and Decision-Feedback) is reduced. In WiMAX systems, however,
due to size and power consumptions issues, it is not practical to equip subscriber stations with more
than 2 antennas making it difficult to get good performance with these receivers.

Based on the above observations, Sequans Communications did not wish to compromise the
performance of the optimum detector and developed an algorithm and receiver architecture for
decoding spatially multiplexed signals using Matrix B with the following important features:

m  The complexity (defined as the number of computations per symbol period) grows only linearly
with the constellation size, instead of growing quadratically as in the brute-force ML method.

m It provides the exact ML solution.

m  The complexity (defined as the number of computations per symbol period) is constant, leading to
a fixed latency.
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