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Abstract: WiMax has already attracted the attention of operators and manifacturing industries for its promise of large
throughput and coverage in broadband wireless access. However, towards the goal of an efficient deployment of this
technology, a thorough analysis of its performance in presence of frequency reuse under realistic traffic conditions
is mandatory. In particular, an important performance limiting factor is the inter-cell interference, which has strong
non-stationary features. This paper investigates the deployment of multi-antenna base stations and the related design
of signal processing algorithms for interference mitigation, for the uplink of IEEE 802.16-2004 systems. Extensive
numerical results for realistic interference models show the advantages of the proposed multi-antenna system. Copyright
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I. INTRODUCTION

WiMax (Worldwide Interoperability for Microwave Ac-
cess) is a standard-based technology that provides last
mile broadband wireless access. In particular, the first
version of the standard, IEEE 802.16-2004 [1] [2], was
designed to provide broadband access to fixed subscriber
stations (SS), by exploiting Orthogonal Frequency Di-
vision Multiplexing (OFDM), adaptive modulation and
coding, and multiple antenna. Single WiMax links based
on IEEE 802.16-2004 are by now well studied [3], but the
impact of a deployment of multiantenna WiMax systems
over a given geographical area is still under investigation.
WiMax access points distributed over the coverage area
form a cellular structure with a given frequency reuse fac-
tor (see Fig. 1). In such a scenario, the main technolog-
ical challenge is the mitigation of multipath fading and
out-of-cell interference. This issue is made even more
challenging by the non-stationarity nature of interference,
due to the asynchronous access of users in the interfering
cells. In fact, in a typical scenario, out-of-cell SSs are ex-
pected to start and end their transmission on a time scale
that cannot be controlled by the interfered cells.

In this paper we focus on the deployment and design
of IEEE 802.16-2004 systems in presence of multiple
antenna at the base station (BS), as this technology is
known to reduce inter-cell interference and fading ef-
fects, by providing either beamforming or diversity gains.
Diversity-oriented schemes use large antenna spacing to
get fading uncorrelation and mitigate the impairments
caused by channel fluctuations. On the other hand, when
a small spacing is adopted, the fading is highly correlated
and beamforming techniques can be employed for inter-
ference rejection. In this paper we show that the optimal
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Fig. 1. Examples of uplink cellular layout with either
square (left) or hexagonal (right) cells. Shaded cells rep-
resent the first ring of interference for reception of the
user SSy by the base station BSy. The base station BS,
is equipped with a non-uniform linear array with M = 4
antennas and inter-element spacings A, and A;.

antenna array deployment can be obtained as a trade-off
between diversity and interference rejection capability of
the antenna array. Then we evaluate the average through-
put for the overall cell obtained by the optimized array
and the corresponding gain with respect to conventional
(non-optimized) array receivers. Finally, signal process-
ing techniques are investigated at the BS to efficiently
cope with non-stationary interference.

Il. SYSTEM AND SIGNAL MODEL

We consider the uplink of a fixed WiMax system con-
forming to the IEEE 802.16-2004 standard [1] [2]. Fig.
1 exemplifies the scenario of interest for: a square layout
with cell side » = 1km and frequency reuse factor F' = 4
(left); an hexagonal layout with cell side » = 620m and



frequency reuse factor F' = 3 (right). In this example, the
transmission by the subscriber station SS;, to its own base
station BS, is impaired by the interference from N; = 3
out-of-cell subscriber stations {SS; })¥*, . The base station
BSy is equipped with a linear symmetric array of M an-
tennas (covering either a 90 or a 120 degree sector in the
examples of Fig. 1), while SSs have a single antenna.

Within a given OFDM symbol, the M x 1 baseband sig-
nal received by the antenna array on the kth subcarrier
(k=1,...,K),onagiven OFDM symbol, can be writ-
ten as yx = hpxy + ng, where hy is a vector gather-
ing the M (complex) channel gains between the trans-
mitter SS, and the M antennas at BS,, while x;, denotes
the symbol transmitted by the desired station SSy. The
transmitted symbol x;, is chosen from the constellation
of one of the modulation-coding scheme{T;}’_; listed
in Table I, based on the channel state, so as to satisfy a
fixed bit error rate (BER= 10~5). The noise vector ny, is
assumed to be zero-mean Gaussian, temporally uncorre-
lated but spatially correlated with spatial covariance ma-
trix Q = E[ngn!!]. The other main system parameters
are listed in Table II.

The multipath channel vector hy, is modelled as the su-
perposition of N, path contributions, each characterized
by a direction of arrival (DOA) (6..), a delay (7,.) and a
complex fading amplitude («,.):
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with nj, € {—&,..., 4 — 1} denoting the frequency
index for the kth useful subcarrier and NV the total num-
ber of subcarriers. Here, P(®) denotes the average re-
ceived power, G, is the kth sample of the discrete Fourier
transform of the waveform ¢(7), that is the convolution
of the transmitter and receiver filter impulse responses,
sampled at the symbol frequency % The M x 1 vec-
tor a(f,) = [a1(0,)---an(0,)]" represents the array
response to the direction of arrival 6, for the symmetric
linear array employed by BS,. Being A, the spacing be-

TABLE |
TRANSMISSION MODES.

tween the ¢th and the (£+ 1)th antennas, the gain a.,, (6,.),
form =2,..., M, is given by

i (01) = exp (mﬂf” s Ae) @

while for m = 1 itis [a(d,)], = 1. In our perfor-
mance analysis, amplitudes and delays {7, ar}f.vgl are
modelled according to the Stanford University Interim
(SUI) channel model [4], while DOAs {194}?2)1 are con-
sidered as uncorrelated Gaussian random variables dis-
tributed around the main direction SSy-BSy with moder-
ate angular spread 0. The baseline case of signal coming
from a single direction (i.e., with a null angular spread,
oy = 0deg) will also be considered and referred to as a
no-spatial-diversity (No-SD) channel. As further perfor-
mance references, we consider two simplified Rayleigh-
fading models that deviate from the SUI one and can be
seen as extreme cases of frequency selectivity:

« No frequency diversity (No-FD): the channel gains
are constant over the subcarriers (as for a null de-
lay spread, i.e. 7,. = 0, Vr, or, equivalently, for a
frequency-flat channel);

o Maximum frequency diversity (Max-FD): the chan-
nel gains are independent identically distributed
over the subcarriers (as for the ideal case of a maxi-
mum delay spread).

The power P(®) received by BS, from SSy is
P®[ABm] = P [dBm] + G — L(do) + So,  (3)

where P(T) denotes the transmitted power, G = G(™) +
G™) the transmitter-receiver antenna gains, L(d,) the
power loss over the distance d, between SSy and BSy,
So ~ N(0,02) the random fluctuations due to shadow-
ing. As recommended in [1], the path-loss is modelled

TABLE 1l
RELEVANT SYSTEM PARAMETERS.

X Mod RS-CC | Through- | SNR[dB]
mode| scheme | coding put @BER=10"6

rate [Mbit/s] (Max-FD)

T1 BPSK 1/2 1.2 5.6

T2 | QPSK 1/2 2.6 11.2

T3 | QPSK 3/4 3.9 185

T4 | 16QAM 1/2 5.2 17.0

T5 | 16QAM 3/4 7.9 25.2

T6 | 64QAM 2/3 10.6 25.8

T7 | 64QAM 3/4 11.9 30.5

Carrier frequency f. 3.5GHz
Sampling frequency 1/T 4MHz

N. of subcarriers N 256

N. of useful subcarriers K 192 data +8 pilots
N. of guard-band subcarriers 28+27
Subcarrier spacing 15.625kHz
Useful OFDM symbol time 6443
Cyclic-prefix time 8uS

SS omnidir. antenna gain G(™) 2dBi

BS directional antenna gain G | 16dBi

Path loss exponent 4

Noise figure 7dB
Shadowing std deviation o 8dB

SS maximum power PI™ 27dBm
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Fig. 2. Shadowing effects on the user SS; and the inter-
ferer SS; channels, for a square cellular layout.

according to the Hata-Okamura model [5]

47d, d .
L(d) = 20log, % + 10vlogy I + 6log;q f?

(4)
with A denoting the wavelength, ~ the path-loss expo-
nent, d..r a reference distance, and f. the carrier fre-
quency [GHz]. Notice also that P(T) is limited by the
maximum power available at the SS’s, i.e. P(T) < Pr(nT&
Thus, power control for the compensation of the path-loss
L(dp) and the shadowing Sy in (3) is possible only within
this maximum power constraint.

The focus of this paper is on the effect of the noise ny.
This is given by the sum of the background noise and the
inter-cell interference generated by users {SS;},, that
are active in the nearby cells on the same bandwidth and
the same time-slot as the desired transmission. Thereby,
the noise covariance is Q = 021y + Q;, where o2 is
the variance of the background noise while Q; denotes
the contribution from the N; active out-of-cell interfer-
ers. Propagation from each interferer to BSy is modelled
similarly to the user SSy, in terms of DOAs and average
powers. DOAs are again assumed to be Gaussian dis-
tributed around the main direction SS;-BS,. The main
difference with respect to the user SSy channel is given
by the interferer shadowing fluctuactions which cannot
be controlled by the base station BS,. More specifically,
the power received from the 4th interferer depends on the
transmitted power Pf“, the power loss over the distance
d;o (see Fig. 2) and the shadowing S;o ~ A (0, %) over
the link SS;-BSy:

Pz‘(R) [dBm] = PZ.(T) [dBm] + G — L(d;o) + Sio-  (5)

In order to satisfy the BER constraint at the base station
BS;, the power Pi(T) transmitted by SS; is chosen so as to
compensate (up to the maximum available power P,(,?;L)

the path loss and the shadowing S; over the distance d;.
As a consequence, the shadowing effects on the interferer

power Pi(R) are higher than those on the useful signal

power P(®) as they are the superposition of the two fluc-
tuations S; and S;o (see Fig. 2).

I1l. ANTENNA ARRAY DESIGN

In this section, we consider the selection of the optimal
antenna deployment at the base station BS,, for the square
layouts in Fig. 3, with reuse factor ' = 1 (top) and
F = 4 (bottom), and for the hexagonal layouts in Fig.
4, with reuse factor FF = 1 (top) and F' = 3 (bottom).
BSy is assumed to be equipped with a symmetric linear
array of M = 4 elements, with internal spacing A; and
external spacing A., as the one shown in Fig. 1. The
desired user SSy is uniformly distributed within the cell,
while the interferers {SS;}?_, are fixed at the centre of
their cells. The channel model, for both user and inter-
ferers, is characterized by null angular spread (No-SD),
and fading uncorrelation over the subcarriers (Max-FD).
Shadowing is not accounted for (o5 = 0), all terminals
are assumed to transmit at maximum power PLE).. Exem-
plifying drawings on the right of each plot will be used in
the figures all over the paper to recall the space/frequency
characteristics of the simulated propagation environment.

To reduce the interference effects, BS, applies a spa-
tial filter to the received signal. The optimal beam-
forming technique is the minimum variance distortionless
(MVDR) filter, 2, = (h2Q~'h;) " h¥Q~y;, which
minimizes the output power subject to the constraint
of unitary gain in the steering direction SSy-BS, [6].
This leads to effective interference-rejection capabilities,
as nulls are steered in directions of strong interferers.
The interference-rejection capability may be quantified
in terms of signal-to-interference-plus-noise ratio (SINR)
at the output of the spatial filter: p, = hl!Q~'h,. This
depends on the channel response (hy), the spatial pat-
tern of the interference (Q) and the antenna spacing. The
first two quantities are determined by the cellular layout
geometry, the SS position and the propagation environ-
ment, while the antenna spacings are free parameters that
can be designed for a specific layout/environment so as
to maximize the SINR performance.

The array optimization can be carried out by evaluating
the SINR p,., averaged with respect to the fading and the
SSy position, for each spacing pair (A., A;). The re-
sulting SINR values for the square and hexagonal lay-
outs herein considered are shown in gray scale in Figs.
3-4; it can be seen that the minimum-Ilength array that
maximizes the average SINR is a uniform linear array
(ULA) having A; = A. = Agpe With optimal spacing
Aqpt that depends on the specific layout: Agpy = 2.2X
(top) and A,y = 1.8 (bottom) for the square layouts in
Fig. 3 (X is the carrier wavelength); Aqpe = 1.9 (top)
and A, = 1.4 (bottom), for the hexagonal layouts in
Fig. 4. This confirms the analytical results of [7], where
the optimal spacing is found to be A, = nA/sin(A0)
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Fig. 3. Average SINR at the output of the MVDR filter
versus the antenna spacings A, and A; (M = 4), for a
square layout with reuse factor F* = 1 (top) or F' = 4
(bottom).

where n is a non-zero integer and A@ the angular sepa-
ration between interferers calculated as indicated in the
drawings on the right of Figs. 3-4.

To better explain the optimization result, let us consider
the layouts having N; = 3 interferers in Figs. 3-4. The
spacing A,pt turns out to be the best one as it introduces
a certain degree of angular equivocation in the directiv-
ity function of the array such that the three interferers
with DOAS [0, 02, 03] = [—A#, 0, +Ad)] are grouped to-
gether along the unique direction # = 0. The spatial wave
numbers associated to the DOAs of the interferers SS;
and SS; are indeed wy; = w3 = ZWA;‘“ sinf; = £2mn
and coincide with that of the broadside interferer SS,
(w2 = 0). This effect makes interference mitigation more
effective, as one null of the directivity function on the
broadside is enough to virtually reject three interferers,
thus leaving other degrees of freedom to increase the spa-
tial diversity.

It can be observed that the optimal antenna array is wider
with respect to a standard antenna deployment used for
beamforming purposes. The conventional spacing for
beamforming is indeed the one that maximizes the DOA
resolution under the non-alias constraint, i.e., Apax =
A/ [2 8in(Omax )] Where O,y is the largest DOA admissi-
ble for the considered cellular layout. In particular, it is
Amax = A/2 when the antenna array covers the whole
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Fig. 4. Average SINR at the output of the MVDR filter
versus the antenna spacings A, and A; (M = 4), for an
hexagonal layout with reuse factor F' = 1 (top) or F' = 3
(bottom).

sector of 180deg (fmax = 90deg), while for the plan-
nings in Figs. 3 and 4 itis: Ana.c = 0.71\ for the
square layout (0,,.x = 45deg) and A = 0.58) for
the hexagonal layout (0,,.x = 60deg). The numerical
results in Figs. 3-4 show that the conventional spacing
Apaxprovides lower SINR performance with respect to
the optimized deployment using Aqp.

IV. COVERAGE ANALYSIS

Let us now compare the average cell throughput provided
by the optimized ULA with inter-element spacing Agp
with that obtained by a conventional ULA with spac-
ing Anax. We consider the square and hexagonal lay-
outs represented at the bottom of Figs. 3 and 4, under
the same assumptions made in the previous section, i.e.:
interferers placed at the center of their respective cells,
channel model No-SD Max-FD without shadowing, max-
imum power transmission.

For each position of SSy, we evaluate the average SINR at
the output of the MVDR filter. Then, using pre-evaluated
BER vs. SINR average performance, the best transmis-
sion mode among those listed in Table | is selected as
the one satisfying the constraint BER< 10~° and pro-
viding the highest bit-rate. This allows to obtain, for all
the positions of the user in the cell and all the transmis-
sion modes, the coverage maps shown in Fig. 5 (for the

7 Omax = 60 deg
’
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Fig. 5. Coverage for all transmission modes {7;}7_, represented in gray-scale for the square layout with reuse factor
F = 4. The arrows indicate the directions of arrival of the interferers. The BS, antenna array has a number of elements
ranging from M = 1 (left) to M = 4 (right), and inter-element spacing optimized for beamforming purposes (top) or

optimized for coverage (right).

square layout with £ = 4) and Fig. 6 (for the hexagonal
layout with F' = 3). The array at BS, has a number of
antennas ranging from M = 1 (left) to M = 4 (right),
with inter-element spacing equal t0 Ap,ax (top) or Agps
(bottom). The average throughput [Mbit/s] for the overall
cell, indicated on the bottom of each map, is obtained as
a weighted average of the throughputs associated to the
different transmission modes, using as weighting factors
the normalized areas where the modes are supported.

As expected, the optimized array is shown to provide
substantial throughput improvements with respect to the
conventional beamforming-oriented array. Furthermore,
looking at the coverage maps for M = 2, it can be easily
seen that, even using only two elements, the optimized
array is able to considerably reduce the interference from
all the three out-of-cell users by exploiting the spatial
aliasing induced by large antenna spacing: the coverage
map is indeed periodic in angles with period equal to the
interferers’ angular separation (A = 33.7deg for the
square layout and A9 = 60deg for the hexagonal lay-
out), so that a single null can be put simultaneously over
the three directions of the interferers. This is not possi-
ble with a conventional array, where the period is 20,
(90deg for the square layout and A9 = 120deg for the
hexagonal layout), and a single degree of freedom is not
enough to reject all the interferers. The interference rejec-
tion capability increases with the number M of antennas
so as to lead asymptotically to the interference-free case
(i.e., in presence of background noise only). Notice also
that, as observed from the coverage maps along the inter-
ferer directions, the performance improvement is clearly

not possible when the user SSy is aligned with one of the
interferers. Along the interfering DOAs the throughput
is approximately the same obtained for M = 1, regard-
less of the number of antennas, while out of the interfer-
ing beams the performance improvement provided by the
optimized array is remarkable.

V. COVERAGE ANALYSIS IN SHADOWING SCENARIO

We now consider the impact of the SINR fluctuations
due to shadowing effects on the system performance.
The analysis is here referred to the square planning
with reuse factor I° = 4, with fixed interferers posi-
tions. The channel model is SUI-3, with angular spread
oy = 5 deg and shadowing standard deviation o, = 8dB;
shadowing effects over the link SSy-BS, are assumed
to be perfectly compensated by power control (i.e., the
shadowing is simulated for interferers only). The re-
ceiver consists of MVDR filtering, soft demodulation and
convolutional/Reed-Solomon (CC/RS) decoding.

Fig. 7 shows the outage probability versus the user po-
sition within its cell for an optimized ULA with M = 4
(top) and for the single antenna case (bottom). The out-
age probability is here defined as the probability P,,; =
pr(P, > P) that the BER P, (after channel decoding)
exceeds the threshold P = 10~%. The analysis in terms
of outage probability yields similar conclusions to the in-
vestigation of throughput coverage, lending evidence to
the performance benefits of a multiantenna receiver with
optimized spacings.
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Fig. 6. Coverage for all transmission modes {7;}7_, represented in gray-scale for the hexagonal layout with reuse factor
F = 3. The arrows indicate the directions of arrival of the interferers. The BS, antenna array has a number of elements
ranging from M = 1 (left) to M = 4 (right), and inter-element spacing optimized for beamforming purposes (top) or

optimized for coverage (right).

V1. NON-STATIONARY INTERFERENCE MITIGATION

The channel gains hy, and the interference covariance ma-
trix Q, needed for spatial filtering implementation, may
be estimated from pilot subcarriers through least-squares
(LS) methods. In IEEE 802.16-2004 systems, the trans-
mitted frame is organized in bursts, each containing a
long preamble followed by a sequence of OFDM data
symbols. Eight pilot subcarriers are also embedded in
each data symbol (see Table II).

In the fixed access scenario targeted in this paper the
channel coherence time is large enough to make the chan-
nel invariant over the whole frame interval. The vector
hy, can thus be evaluated by performing a separate LS
estimate from each preamble and then averaging the es-
timates over the preambles. However, the statistical fea-
tures of the interference, and in particular the covariance
matrix Q, can vary within the frame due to the asyn-
chronous access of users in neighboring cells: at any
time instant (here assumed to be an integer multiple of
the OFDM time symbol), a SS from an interfering cell
might end its transmission and be replaced by another SS
transmission, thus generating abrupt changes in the signal
interfering on the user SS.

To cope efficiently with this non-stationary interference,
we employ the estimation method proposed in [8] which
allows to track the power/spatial features of the interfer-
ers by exploiting both the preambles and the pilots em-
bedded in each burst. At first, the signals measured in all
the preambles in the frame are used to obtain an estimate
of the channel h;, (by averaging over the preambles) and

a first estimate of the interference covariance matrix Q in
each preamble. The matrix Q is then updated within each
OFDM symbol, by using the embedded pilots. Abrupt
variations of the interference are detected by comparing
the covariance estimate obtained from the pilots of the
current OFDM symbol with the one extracted from the
previous OFDM symbol, in order to decide whether the
spatial structure of the interference has changed or not: if
the correlation p between the two subsequent covariance
estimates is larger than a given threshold p, the interfer-
ence covariance estimate is refined by averaging, other-
wise is re-initialized according to the new estimate value.

The performance of this estimation/tracking approach is
here evaluated for the square cellular layout with F' = 4.
The optimized ULA with M = 4 and Aype = 1.8\ is
adopted by BSy. The user SSy transmits at maximum

power PIQ;Z( using the transmission mode Ts. Interferers
{SS; }icr, are uniformly distributed in their cells; their
power (subject to log-normal shadowing with o, = 8dB)
and transmission mode are adaptively selected based on
the channel state so as to guarantee a BER<10~3. Multi-
path channels are modelled according to the SUI-3 model
with angular spread oy = 5 deg for both user and inter-
ferers. The user SSy is placed in broadside at a distance
d = 0.8 km from BSy. The simulated frame is com-
posed L = 10 bursts of 10 symbols. In each of the in-
terfering cell, the active user SS; can stop its transmis-
sion and be replaced by a new terminal with probability
p = 1/30; it follows that the probability of change of any
interferer power/DOA (i.e., the probability of change for
Q) is 3p = 0.1. The correlation threshold for change

No-SD Max-FD
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Fig. 7. Outage probability versus the user position for
the square cell planning with reuse factor F' = 4. opti-
mized ULA with M = 4 (top); single-antenna receiver
(bottom).

detection is setto p = 0.7.

Fig. 8 compares the performance of channel/interference
estimation with the ideal case of perfect channel state in-
formation in terms of average BER (after channel decod-
ing) versus the angular position of SSy. The top figure
compares different channel estimation approaches: esti-
mation from the current preamble only (dashed line); av-
erage over L preambles (thin line); known channel (thick
line). In the bottom figure, the estimate of the interference
matrix Q is obtained using three different approaches:
estimation only from the preamble of the current burst
(dotted line); re-estimation from the pilots within each
OFDM symbol, without memory (dashed-dotted line);
tracking over all OFDM symbol with interference-change
detection (thin line). The BER results confirm that the
joint use of the multi-preamble average for the channel
estimate and the detection/tracking method for the inter-
ference estimate is an effective approach for time-varying
interference mitigation.

VII. CONCLUSION

In this work, the antenna deployment and the receiver
processing design of fixed WiMax systems with multiple
antenna at the base station have been investigated for the
IEEE 802.16-2004 standard. The inter-element spacing
at the receiving antenna array has been derived so as to
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Fig. 8. Comparison of channel (top) and interference co-

variance (bottom) estimation techniques, in terms of av-
erage BER versus the user SS, angular position, for the
square layout with reuse factor F' = 4.

maximize the interference rejection capability. An adap-

tive array processing technique based on MVVDR beam-
forming has also been analyzed to cope with asynchro-

nous out-of-cell interference. Thorough simulation re-

sults for square and hexagonal cell layouts in different

propagation environments have proved the advantages of
the proposed antenna array scheme.
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