
THROUGHPUT OPTIMIZATION FOR NON-UNIFORM LINEAR ANTENNA ARRAYS
IN MULTICELL WIMAX SYSTEMS

M. Nicoli (1), L. Sampietro (2), C. Santacesaria (2), S. Savazzi (1), O. Simeone (1)(3), U. Spagnolini (1)

(1) Dipartimento di Elettronica e Informazione, Politecnico di Milano, Italy
(2) Siemens S.p.A. Com CRD MW, Cassina de' Pecchi (Milano), Italy
(3) CCSPR, New Jersey Institute of Technology (NJIT), Newark, USA

{nicoli,savazzi,simeone,spagnoli}@elet.polimi.it, {luigi.sampietro,claudio.santacesaria}@siemens.com

ABSTRACT
AWiMAXmulti-cell system conforming the IEEE 802.16-2004 stan-
dard which supports multiple antennas and OFDM modulation is
considered. Focusing on the uplink, we show that Signal to Interfer-
ence plus Noise Ratio (SINR) degradation caused by fading impair-
ments can be considerably reduced by exploiting adaptive modula-
tion/coding techniques in conjunction with a non-uniform antenna
array with optimized spacings. Speci�cally, a trade off between di-
versity gain and array interference reduction capability is considered
so as to derive closed form solutions for the antenna spacings. Per-
formance improvements are investigated by analyzing the cell cov-
erage and the average throughput for various cellular plannings, an-
tenna con�gurations and channel models. For completeness, SINR
degradation due to shadowing effect is also considered.

1. INTRODUCTION

WiMAX (Worldwide Interoperability for Microwave Access) is a
standard-based technology that provides �xed last mile broadband
wireless access, intended as a cost-effective alternative to existing
wired technologies such as cable and Digital Subscriber Line (DSL)
[1]. In this paper, we consider WiMAX multi-cell systems con-
forming to the IEEE 802.16-2004 standard [2] [3], which prescribes
the use of OFDM modulation and supports multiple antennas and
adaptive modulation/coding. In the uplink of these systems, a major
source of impairment is the degradation of the signal-to-interference-
plus-noise-ratio (SINR) generated by multipath fading and out-of-
cell interference (due to frequency reuse). The use of multiple an-
tennas at the base station is known to reduce such effects by provid-
ing either diversity or beamforming gains, depending on the inter-
element spacing of the array [8]. Diversity-oriented schemes use
large antenna spacing to get fading uncorrelation and mitigate the
impairments caused by channel �uctuations. On the other hand,
when a small spacing is adopted, the fading is highly correlated and
beamforming techniques may be employed for interference rejec-
tion. The optimal spacing is the one providing the best trade-off be-
tween diversity gain and interference rejection capability, depending
on the speci�c propagation environment [4].

The contribution of this paper is twofold. At �rst, we deal with
the optimization of the array deployment, formulated as the maxi-
mization of the average SINR at the output of a Minimum Variance
Distortionless Response (MVDR) receiver [8]. Then, assuming the
optimal array deployment at the BS, we evaluate the coverage and
average throughput of the system, assessing the bene�ts of optimized
antenna arrays with respect to conventional arrays under different as-
sumptions for the cellular layout and propagation environment.

BS0

SS0

BS1 BS2

BS3

SS1

r =1 km

SS2

SS3

10d

1d

20d

30d0d

2d

3d

i∆
e∆

e∆
i∆

e∆

e∆
i∆

e∆

e∆ Non-uniform
linear array

Fig. 1. Uplink layout for a wireless cellular system. Shaded cells
represent the �rst ring of interference for reception of user SS0 by
base station BS0:

2. SYSTEM AND SIGNAL MODEL

We consider the uplink of a IEEE 802.16-2004 compliant system
[2] [3] with �xed subscriber stations. Fig. 1 exempli�es the sce-
nario of interest for a square layout with cell side r = 1 km and
frequency reuse factor F = 4 . In this example, the transmission by
the subscriber station SS0 to its own base station BS0 is impaired
by the interference from NI = 3 out-of-cell subscriber stations
fSSigNIi=1 that employ the same subcarrier frequencies. In the �gure,
di denotes the distance of the ith terminal from its base station for
i = 0; � � � ; NI , while di0 is the distance of the interferer SSi (with
i 6= 0) from BS0. The base station BS0 is equipped with a linear
symmetric array of M antennas, while SS's have a single antenna
(either omnidirectional or directional). An example of symmetric
array covering a 90 degree sector is shown in �g. 1 for M = 4,
external antenna spacing�e and internal spacing�i.

The equivalent discrete-time baseband model for the transmitter
is illustrated in �g. 2. The information-bearing sequence fbig is
coded by the concatenation of a Reed Solomon code and a convolu-
tional code, it is bit interleaved and mapped into complex symbols
fxkg belonging to the constellation of the selected digital modula-
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Fig. 2. Transmitter baseband model.

tion. According to the adaptive modulation and coding approach, the
coding and modulation parameters are selected based on the channel
state so as to guarantee a �xed bit error rate (BER= 10�6): seven
possible transmission modes fTig7i=1 are prescribed by the standard
[2] [3], as listed in Table 1. OFDM modulation is �nally carried out
using a N -point IDFT and a cyclic pre�x ofW samples.

At the receiver, OFDM demodulation is carried out at each re-
ceiving antenna as shown in �g. 3. TheM �1 signal obtained at the
output of theM demodulators on the kth subcarrier is modelled as

yk = [y1;k � � � yM;k] = hkxk + nk;

with k = 1; : : : ;K, and K denoting the number of useful subcarri-
ers (the remaining N � K are used as guard-band or DC subcarri-
ers). The M � 1 channel vector hk gathers the M complex chan-
nel gains for the links between SS0 and the antenna array at BS0,
while xk denotes the symbol transmitted on the kth subcarrier with
E[jxkj2] = 1. TheM�1 vector nk, modelling both the background
noise and the out-of-cell interference, is assumed to be zero-mean
complex (circularly symmetric) Gaussian, temporally uncorrelated
but spatially correlated with spatial covarianceQ = E[nkn

H
k ].

As shown in �g. 4, the receiver consists of a space-frequency
equalizer that performs MVDR [8] spatial �ltering x̂k = wH

k yk on
each subcarrier, with:

wk = Q
�1hk

�
hHkQ

�1hk
��1

: (1)

It can be easily shown that the resulting signal-to-noise ratio (SNR)
at the output is [8]:

�k =
E
�
jxkj2

�
E
�
jx̂k � xkj2

� = hHkQ�1hk: (2)

The estimated symbols x̂k are then used by the maximum-likelihood
demodulator to compute the log-likelihood ratio (LLR) for each code
bit. Finally, bit deinterleaving, bit maximum-a-posteriori (Log-MAP)
convolutional decoding and RS decoding are performed to obtain the
transmitted data estimate fb̂ig. Numerical values for the main sys-
tem parameters used throughout the paper are listed in Table 1.

Table 1. Transmission modes from [1].
TX Mod CC RS Overall Bitrate
mode rate code rate [Mbit/s]
T1 BPSK 1/2 (12,12,0) 1/2 5.6
T2 QPSK 2/3 (32,24,4) 1/2 11.2
T3 QPSK 5/6 (40,36,2) 3/4 18.5
T4 16-QAM 2/3 (64,48,8) 1/2 17
T5 16-QAM 5/6 (80,72,4) 3/4 25.2
T6 64-QAM 3/4 (108,96,6) 2/3 25.8
T7 64-QAM 5/6 (120,108,6) 3/4 30.5
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Fig. 3. Receiver baseband model.

2.1. Channel model

The M � K space-frequency matrix H = [h1 � � �hK ]; modelling
the propagation between SS0 and BS0, gathers the channel vectors
for theK subcarriers. Its generic element hm;k represents the chan-
nel gain of the mth receiving antenna on the kth subcarrier. The
space-frequency channel can be seen as the DFT transformation by
rows of theM �W space-time channel matrix eH:

H = eHFT, (3)

where F is the K � W DFT matrix. Its element (k;w), for k =
1; : : : ;K and w = 1; : : : ;W , is de�ned as

Fk;w = exp

�
� j2�
N
nk(w � 1)

�
; (4)

with nk 2 f0; : : : ; N � 1g denoting the frequency index for the kth
useful subcarrier and N the total number of subcarriers.

In our framework the channel eH is modelled by means of a
space-time multipath model [5] [6], characterized by the superpo-
sition of Np paths' contributions. The rth path is described by a
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Fig. 4. Space-frequency equalizer structure based on MVDR �lters.



Table 2. Relevant system parameters
Carrier frequency fc 3:5 GHz
Bandwidth B 8=7� 3:5 = 4MHz
Number of subcarriers N 256
Number of useful subcarriersK 192 data + 8 pilots
Number of guard-band subcarriers 28+27
Subcarrier spacing�f 15:625 kHz
Useful symbol time Ts 64 �s
Cyclic-pre�x time Tc 8 �s
OFDM symbol time Ts 72 �s
SS omnidirectional antenna gain GT 2 dBi
BS directional antenna gain GR 16 dBi (broadside)
Path loss exponent n 4
Noise �gure 7 dB
Shadowing standard deviation �s 8 dB
SS maximum power P (max)T 27 dBm

direction of arrival (DOA) at the receiving array (�r), a delay (�r)
and a complex fading amplitude (�r):

eH =
p
P (R)

NRX
r=1

�ra(�r)g
T(�r): (5)

TheM � 1 vector a(�r) denotes the array response to the direction
of arrival �r . For a linear array with spacing �m between the mth
and the (m + 1)th antennas, themth element of the steering vector
a(�r) is de�ned as

[a(�r)]m = exp

�
j2�

sin(�r)

�

Xm�1

`=1
�`

�
(6)

form = 2; : : : ;M , while form = 1 it is [a(�r)]0 = 1. TheW � 1
vector g(�r) collects the symbol-spaced samples of the waveform
g(t��r), that is convolution of the transmitter and receiver �lter im-
pulse responses, shifted by the delay �r . The path amplitudes are as-
sumed to be uncorrelated Rice-faded, �r s CN (�r; �2r), with mean
value �r , variance �

2
r , Rice factor Kr = j�rj2=�2r , and normalized

power-delay-angle-pro�le �r = E[j�rj2] so that
PNR

r=1 �r = 1. In
case of non-line-of-sight (NLOS) path,Kr is set to zero and Raylegh
fading is considered. P (R) is the average received power.

The multipath parameters f�r;�r;KrgNRr=1 are chosen accord-
ing to the Stanford University Interim (SUI) channel models [5],
while the directions of arrivals f#`gNR`=1 are herein modelled as un-
correlated Gaussian random variables, #r � N

�
#; �2#

�
, with an-

gular spread �# and mean direction # corresponding to the direct
path SS0-BS0. In case of null angular spread (�# = 0 deg) the
channel will be referred to as a no-spatial-diversity (No-SD) chan-
nel. The settings used for performance evaluation are those de�ned

Table 3. SUI parameters.
Multipath SUI-3 SUI-4
parameter ` = 1 ` = 2 ` = 3 ` = 1 ` = 2 ` = 3

� ` [�s] 0 0.4 0.9 0 1.5 4
P` [dB] 0 -5 -10 0 -4 -8
K` 1 0 0 0 0 0

by SUI-3 and SUI-4 models, which are representative of propagation
environments with, respectively, low (�� = 0:26�s) and moderate
(�� = 1:41�s) delay spread (see Table 3). It is worth noticing that
the temporal dispersion has a great impact on the performance of
coded OFDM systems over fading channels, as frequency selectivity
allows the decoder to exploit the diversity in the frequency domain.
Hence, in order to better investigate the behavior of the OFDM sys-
tems, along with SUI-3 and SUI-4, we also consider two simpli�ed
fading models that can be seen as extreme cases of frequency selec-
tivity (to be used as reference for performance evaluation):

� No frequency diversity (No-FD): null delay spread (�r = 0,
8r) or, equivalently, frequency-�at channel (hm;k = hm 8k).

� Maximum frequency diversity degree (Max-FD): the channel
gains are independent identically distributed over theK sub-
carriers (hm;k is uncorrelated over the frequency index k).

The power P (R) received by BS0 from SS0 is modelled as

P (R)[dBm] = P (T)[dBm] +G� L(d0) + S0; (7)

where P (T) denotes the transmitted power, G = G(T) +G(R) [dB]
the transmitter-receiver antenna gain, L(d0) [dB] the power loss
over the distance d0 between SS0 and BS0, S0 s N (0; �2s) the
random �uctuations due to shadowing. As recommended in [2], the
path-loss is modelled according to the Hata-Okamura model [7]

L(d) = 20 log10

�
4�dref
�

�
+ 10
 log10

�
d

dref

�
+ 6 log10

�
fc
2

�
(8)

with � denoting the wavelength [m], 
 the path-loss exponent, dref
a reference distance [m], and fc the carrier frequency [GHz]: No-
tice also that P (T) is limited by the maximum power available at
the SS's, i.e. P (T) � P

(T)
max. It is important to point out that the

random power �uctuations described above have to be ascribed to
variations of the user position. Even though our framework refers to
a �xed wireless system, these �uctuations will be simulated in order
to evaluate the system performance averaged over the user position
within the cell.
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Fig. 5. Positions of the interfering cells for the considered cellular
layouts: a) Square cell planning with reuse factor F = 4; b) Hexag-
onal cell planning with reuse factor F = 3:
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Fig. 6. SINR at the output of the MVDR �lter versus antenna spac-
ings �e and �i (M = 4) averaged with respect to fading and users
positions within the cell. Fixed positions are considered for the in-
terferers according to the square (a) and hexagonal (b) cell planning
in �g. 5.

2.2. Interference model

The noise covariance Q = Qn +QI is the sum of the background
noise matrixQn = �

2
nIM and the contributionQI from the NI ac-

tive out-of-cell interferers. We assume that the signal from each in-
terferer SSi, i = 1; : : : ; NI , is received by BS0 through a multipath
channel with the same characteristics as in (5). It follows that the
ith interferer spatial covariance (averaged with respect to fast fad-
ing) depends on the DOA's f�i;rgNRr=1, the normalized power-angle-
pro�le f�i;rgNRr=1 and the received power P

(R)
i0 , according to:

QI =

NIX
i=1

q
P
(R)
i0

NRX
r=1

�i;ra(�i;r)a
H(�i;r): (9)

As in (7), the received power is obtained from the power P (T)i trans-
mitted by SSi, taking into account the power loss due to propagation
over the distance di0 and the shadowing effect Si0 s N (0; �2s) over
the link SSi-BS0:

P
(R)
i0 [dBm] = P

(T)
i [dBm] +G� L(di0) + Si0. (10)

Notice that, in order to satisfy the constraint on the bit error
rate (BER� 10�6) at the base station BSi, power control must be
adopted in the communication between SSi and BSi (see �g. 1):
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Fig. 7. SINR at the output of the MVDR �lter versus antenna spac-
ings �e and �i (M = 4) averaged with respect to uniformly dis-
tributed positions of user and interferers according to the square cell
planning in �g. 5-(a).

the power P (T)i transmitted by SSi is chosen so as to compensate
(up to the maximum available power P (T)max) the path loss and the
shadowing Si over the distance di. As a consequence, the shadowing
effects on the interference power P (R)i0 are higher than those on the
useful signal power P (R), as they are the superposition of the two
�uctuations Si and Si0. Numerical values for the system parameters
de�ned throughout this section can be found in Table 2.

3. OPTIMAL ARRAY DESIGN

In this Section, we tackle the problem of �nding optimal antenna
spacings for the array deployed at the BS (in the example in �g.
1, the vector � = [�i �e]

T ): Different performance metrics can
be used in order to set up the optimization problems. A relevant
criterion is the maximization of the ergodic capacity of the system

C = E[log2(1 + �k)] [bit/s/Hz] (11)

or the average E[�k] of the SINR (2) at the output of the MVDR
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Fig. 8. BER versus SINR for all the transmission mode in AWGN.
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Fig. 9. BER versus SINR for all the transmission mode in Max-FD
(top) and No-FD (bottom) channels.

�lter. Moreover, while for some static applications it might be of
interest to �nd the optimal spacings for a �xed position of user and
interferers, this is not the case in general. In fact, in many applica-
tions the position of users and interferers is not known a priori at the
time of the antenna deployment, or it varies due to terminal mobility.
Therefore, in such scenarios, the appropriate performance criterion
has to be averaged over the expected positions of user and interfer-
ers within their cells before being optimized. In [4] the problem of
maximizing the ergodic capacity has been tackled from an analyti-
cal standpoint. It was shown therein that, according to the propaga-
tion environment and the interference layout, relevant performance
gains can be obtained by selecting the optimal antenna deployment
as trade-off between diversity and interference mitigation.

3.1. Numerical results

We consider the two interfering scenarios in �g. 5: a square cell
planning with reuse factor F = 4 (a) and an hexagonal cell plan-
ning with F = 3 (b). A symmetric array with M = 4 antennas is
assumed at the base station BS0. Recalling the de�nitions in Sec.
2.1, this �rst analysis is referred to a simpli�ed channel model that
assumes fading uncorrelation over the subcarriers (Max-FD) and
null angular spread �# (No-SD). Shadowing is not accounted for
(�s = 0). The main system parameters are listed in Table 2, all
terminals are assumed to transmit at maximum power P (T)max.

In Fig. 6 the average SINR E[�k] at the output of the MVDR
�lter is plotted in gray scale versus the external (�e) and internal
(�i) spacings, for the two plannings in �g. 5. Exemplifying draw-
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Fig. 10. BER versus SINR for all the transmission modes in SUI-3
(top) and SUI-4 (bottom) channels.

ings on the right of the �gure are used to recall the space/frequency
characteristics of the considered propagation environment. For each
pair (�e;�i), the SINR value is obtained by averaging (2) over the
fading channel and the position of the user SS0 (uniformly distrib-
uted within the cell). The interferers fSSig3i=1 are herein placed
in �xed positions as indicated in the plots on the right of the �g-
ure. The results obtained for both the square (a) and hexagonal (b)
layouts show that the minimum-length array that maximizes the av-
erage SINR is uniform with �i = �e = �opt: the optimal spacing
is�opt = 1:81� for the layout (a) and�opt = 1:39� for the layout
(b). This result is a trade-off between interference mitigation capa-
bility (small �) and diversity exploitation (large �) and it con�rms
the analytical results obtained in [4] for a generic wireless system.
In particular, for the scenario at hand, the optimal spacings can be
found to be �i = �e = n�opt with �opt = �= sin(��). The
optimal spacings are larger than the canonical �=2 and they pro-
vide at least a SINR gain of 5dB with respect to other standard
antenna deployments. Such gain can be justi�ed by noticing that
the optimal spacings introduce a certain degree of angular equivo-
cation in the directivity function of the array so that the interferers
are grouped together along an unique direction. The wave numbers
associated to the DOAs of the interferers SS1 and SS3 are indeed
!1;3 = 2�

�
�
sin �i = �2�n and coincide with that of the broadside

interferer SS2 (!2 = 0). This effects renders interference mitigation
more effective.

In �g. 7 the assumption of �xed interferers is removed, the SINR
is averaged with respect to the positions of both user and interfer-
ers within the respective cells of the square cell planning in �g. 5-
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Fig. 11. Coverage for a square planning: a) optimized array receiver
with M = 4 antennas (the arrows indicate the directions of arrival
of the interferers); b) single-antenna receiver (M = 1).

(a). In this case the optimal solution turns out to be �i = �e =
�= sin(��) = 1:81� and the performance gain with respect to stan-
dard antenna deployment reduces to 2dB.

4. THROUGHPUT EVALUATION

In this section we compare the average throughput provided by the
optimized array with inter-element spacing �opt with that obtained
by a conventional array designed for beamforming usage. The per-
formance gain of the optimized array is evaluated for both the cel-
lular layouts in �g. 5, for M = 1 � 4, channel models as de-
�ned in Section 2.1 and for �xed interferers at the center of their
respective cells. We recall that the inter-element spacing that max-
imizes the beamforming resolution under the non-alias constraint is
�m = �=[2 sin(�max)] where �max is the largest DOA admissible
for the considered cellular layout. For the plannings in �g. 5 it is: (a)
�max = �=4 and�m = 0:71�; (b) �max = �=4 and�m = 0:58�.

The average throughput for the overall cell is evaluated in the
following way. For each position of the user SS0, the SINR at the
output of the MVDR �lter is averaged with respect to the channel,
the noise and the interference. Next, for each average SINR value,
using pre-evaluated BER versus SINR average performance mea-
surements (see �g. 8, 9 and 10 for M = 1), we select the best
transmission mode Ti from the available set to satisfy the constraint
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Fig. 12. Coverage for an hexagonal planning: a) optimized array
receiver withM = 4 antennas (the arrows indicate the directions of
arrival of the interferers); b) single-antenna receiver (M = 1).

BER � 10�6 and provide the largest bit-rate. This allows to obtain
a coverage map for all transmission modes fTig7i=1, as those ex-
empli�ed in �gures 11-12 for the channel model Max-FD with null
angular spread (No-SD). These examples refer to the square (�g. 11)
and hexagonal (�g. 12) layouts, with optimized antenna array com-
posed ofM = 4 antennas (top �gure) or with single antenna (bottom
�gure). Similar coverage maps have been derived for the other prop-
agation environments using BER vs. SINR average performances.

Once the coverage maps have been obtained, the average through-
put �Rb [bit/s] for the overall cell can be evaluated through a weighted
average of the throughputs fRb;ig7i=1 associated to the different trans-
mission modes fTig7i=1, using as weighting factors the (normalized)
areas where the modes are supported fAig7i=1:

�Rb =

7X
i=1

AiRb;i:

The throughput Rb;i of the ith transmission mode is calculated by
taking into account both the cyclic-pre�x loss and the fact that only
K � 8 = 192 out of N = 256 subcarriers are used for data trans-
mission (see Table 2):

Rb;i =
(K � 8)Nb;iRc;i � 8

Ts
; (12)

where Nb;i and Rc;i are, respectively, the number of bits per sym-
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Fig. 13. Outage probability versus the user position for a square
cell planning: a) optimized uniform array receiver withM = 4; b)
single-antenna receiver.

bol and the coding rate for the transmission mode Ti, while Ts is the
OFDM symbol duration including the cyclic pre�x. Notice that, dur-
ing each symbol, the message sequence is padded at the end with 8
information bits so that the convolutional encoder returns to a known
state after having encoded the message.

The average throughput has been derived by the procedure above
for both the square and hexagonal layout, using an antenna array of
M = 1 � 4 antennas at the BS, with antenna spacing �opt or �m.
The numerical results are summarized in the tables in �g. 14 and
15, including both the case of omnidirectional antennas (rows 1�4)
and directional antennas (rows 5�8). Each column refers to a differ-
ent channel model: no frequency diversity and null angular spread
(No-FD No-SD, column 1); SUI-3 with null angular spread (SUI-3
No-SD, column 2); SUI-4 with null angular spread (SUI-4 No-SD,
column 3); maximum frequency diversity with null angular spread
(Max-FD No-SD, column 4); no frequency diversity with angular
spread �� = 5deg (No-FD SD, column 5). For instance, the results
�Rb = 8:9Mbit/s (for M = 4) and �Rb = 4:6Mbit/s (for M = 1)
obtained in �g. 11 can be easily found in the top part of �g. 14
(for omnidirectional antennas), in the column referring to No-FD
No-SD channel, with antenna spacing �opt. As expected, from the
exploitation of diversity either in space or in frequency, the overall
system throughput may be considerably enhanced. In addition, for
the square cell planning, an optimized array is shown to provide sub-
stantial throughput improvements with respect to the conventional
beamforming-oriented array. On the other hand, for the hexagonal
cell planning, due to the reduced frequency reuse factor F that in-
creases the co-channel average interference level, substantially lower
throughput improvement is observed.

5. OUTAGE PROBABILITY ANALYSIS

In this section, the impact of SINR �uctuations due to fading and
shadowing is studied by evaluating the outage probability for a �xed
transmission mode (T6). An outage event occurs whenever the sys-
tem BER Pb exceeds a certain threshold �Pb and the outage probabil-
ity is thus de�ned as Pout = pr(Pb > �Pout).

Fig. 13 shows the outage probability versus the user position
within its cell for an optimized uniformM = 4 antenna array (�g.
13-a) and for the single antenna case (�g. 13-b). The square cell
planning is considered with �xed interferers positions. Moreover,
the SUI-3 channel model is simulated with angular spread �# =
5deg and power of the lognormal density of shadowing �s = 8dB.
The analysis in terms of outage probability yields similar conclu-
sions to the investigation of throughput coverage, lending evidence
to the performance bene�ts of a multiantenna receiver with opti-
mized spacings.

6. CONCLUSION

Optimal deployment of an antenna array at the base station of a
cellular system is the result of a trade-off between diversity and
interference-rejection capability. In this paper, the performance gains
of an optimized antenna deployment are investigated in terms of sys-
tem throughput for a WiMAX-compliant uplink. Thorough simu-
lation results are presented for square and hexagonal cell layouts
and a wide range of propagation scenarios. The main conclusion is
that relevant bene�ts are obtained by letting the antenna spacings be
larger than the conventional �=2: Therefore, throughput maximiza-
tion comes at the price of a reduced effectiveness of the array for
applications that require unambiguous determination of the propa-
gation angles (e.g., localization). An extension of the analysis pre-
sented in this paper is in progress for mobile OFDMA systems con-
forming to the IEEE 802.16e standard.
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Fig. 14. Average throughput [Mbit/s] for the uplink of the square cellular planning on the right, with an antenna array ofM elements at the
BS and a single antenna at each SS. The number of receiving antennas M ranges from 1 to 4. The inter-element spacing at the BS array
is the conventional one used for beamforming (�m) or the optimized one for throughput maximization (�opt). The transmitting antenna at
each SS is omnidirectional (top section of the Table) or directional (bottom section). Each column refers to a different channel model: no
frequency diversity and null angular spread (No-FD No-SD, column 1); SUI-3 with null angular spread (SUI-3 No-SD, column 2); SUI-4
with null angular spread (SUI-4 No-SD, column 3); maximum frequency diversity with null angular spread (Max-FD No-SD, column 4); no
frequency diversity with angular spread �� = 5deg (No-FD SD, column 5). Bold values are obtained from the simulation in �gure 11.
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Fig. 15. Average throughput [Mbit/s] for the uplink of the hexagonal cellular planning on the right, with an antenna array ofM elements at
the BS and a single antenna at each SS. The number of receiving antennasM ranges from 1 to 4. The inter-element spacing at the BS array
is the conventional one used for beamforming (�m) or the optimized one for throughput maximization (�opt). The transmitting antenna at
each SS is omnidirectional (top section of the Table) or directional (bottom section). Each column refers to a different channel model: no
frequency diversity and null angular spread (No-FD No-SD, column 1); SUI-3 with null angular spread (SUI-3 No-SD, column 2); SUI-4
with null angular spread (SUI-4 No-SD, column 3); maximum frequency diversity with null angular spread (Max-FD No-SD, column 4); no
frequency diversity with angular spread �� = 5deg (No-FD SD, column 5). Bold values are obtained from the simulation in �gure 12.


