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A reconfigurable space-time coding technique is investigated, for a high-speed downlink packet access multiple-antenna network,
which combats the effects of antenna correlation. Reconfigurability is achieved at the link level by introducing a linear precoder
in a space-time block coded system. The technique assumes knowledge of the long-term characteristics of the channel, namely
the channel correlation matrix at the transmitter. The benefits of the proposed reconfigurable technique as compared to the
conventional non-reconfigurable versions are evaluated via system-level simulations. In order to characterize the system-level
performance accurately and, at the same time, use a feasible approach in terms of computational complexity, a suitable link-
to-system interface has been developed. The average system throughput and the number of satisfied users are the performance
metrics of interest. Simulation results demonstrate the performance enhancements achieved by the application of reconfigurable

techniques as compared to their conventional counterparts.
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1. INTRODUCTION

Future-generation wireless systems design is expected to ad-
dress a number of challenges, such as high data rates, im-
proved link quality, and reconfigurability, that is, adaptiv-
ity to varying propagation and network conditions. These

requirements set a strong demand for significant advances
in both radio access and network technology, highlighting
the importance of reconfigurable transceiver architectures both
horizontally (adaptive transceiver architectures within the con-
text of one wireless access technology) and vertically (adap-
tive transceiver architectures to support one of multiple wireless
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nel knowledge available at the transmitter.

access technologies). In order to address reconfigurability,
promising technologies, such as space-time processing, can
be considered as a baseline and new features that provide
adaptivity to varying propagation or network conditions
need to be designed. An example of such a reconfigurable
transceiver architecture will be presented in the following
section.

The requirements, in terms of computational and
hardware complexity, and performance enhancements re-
sulting from incorporating multiple-input multiple-output
(MIMO) techniques in a wireless network need to be eval-
uated in a realistic manner, in order to assess their effi-
ciency. The importance of system-level evaluation of space-
time processing techniques is critical, as the performance
gains obtained by the application of these techniques at the
link level may not translate to equivalent gains at the system
level. On the other hand, the evaluation of the benefits of
MIMO techniques at the system level introduces a number
of challenges, such as the requirement for suitable spatio-
temporal channel modeling and optimization of the trade-
off between simulation complexity and accuracy, by means
of the identification of a suitable link to system-level inter-
face. The system-level simulator input should be specified
according to a predefined number of test cases, each con-
sisting of specific space-time algorithms, antenna configura-
tions, propagation environment, mobility, and user require-
ments.

In this paper, the system-level performance of high-
speed downlink packet access (HSDPA) networks enhanced
by means of reconfigurable space-time coding techniques
is investigated. The work presented herein was partly per-
formed within the framework of the IST-FITNESS project
(http://www.telecom.ece.ntua.gr/fitness).

The main objectives of this study are (i) to evaluate the
impact of the variation of critical link-level parameters, such
as the antenna correlation, on the performance of a multiple-
antenna HSDPA network, and (ii) to assess the performance
enhancements at the system level achieved by the application
of reconfigurable space-time coding techniques.

The paper is organized as follows. The reconfigurable
space-time coding technique performed at the link level is
presented in Section 2. The link to system-level interface
is presented in Section 3 and the basic system simulation
assumptions, in terms of network deployment, propaga-
tion issues, and user services, are explained in Section 4. In
Section 5, the system-level simulation methodology is de-
scribed. In Section 6, simulation results and validation of
the benefits of reconfigurable space-time techniques as com-
pared to their conventional counterparts are illustrated. Fi-
nally, the paper is concluded in Section 7.

2. LINK-LEVEL RECONFIGURABILITY WITH
LINEAR PRECODING

The impact of antenna correlation on adaptive array tech-
niques has been investigated in [1]. It has been shown
that fading correlations reduce MIMO channel capacity and
link-level performance in terms of symbol error rate [2, 3].
Nevertheless, considerable capacity and link-level perfor-
mance gains can be obtained by transmission along the
eigenmodes of the transmit antenna correlation matrix [4].
In [5], an optimal linear precoder is proposed that assumes
knowledge of the transmit antenna correlations and im-
proves the performance of a space-time coded system. As-
suming a flat fading channel and a maximum-likelihood re-
ceiver, the optimal precoder forces transmission only on the
nonzero eigenmodes of the transmit antenna correlation ma-
trix. This is referred to as eigenbeamforming. The power allo-
cation policy on the eigenmodes is given by a water-pouring
solution. The main advantage of the above linear precoder is
that it does not have to track fast fading, but only the struc-
ture of slowly varying antenna correlations. The latter can be
fed back to the transmitter using a low-rate feedback link.

The impact of antenna correlation on the link-level
performance of orthogonal [6, 7] and quasiorthogonal [8]
space-time block coded systems has been investigated in [9],
where linear precoders, which achieve reconfigurability to
antenna correlation, have been formulated for space-time
block coded systems with any number of transmit and re-
ceive antennas.

In the analysis presented in this paper, a two-transmit-,
two-receive-antenna system is assumed, which employs
Alamouti space-time block coding [6]. The space-time block
encoder, denoted by Z, maps the input data sequence x

. . . X1 X
(x1,x7) to be transmitted into a 2 X 2 matrix Z = [ ;* xi]
X X

of codewords that are split on a set of two parallel sequences.

Reconfigurability is introduced by applying linear pre-
coding to the space-time block encoder (as depicted in
Figure 1), denoted by the linear transformation matrix L and
determined so as to minimize a given criterion, such as an
upper bound on the pairwise error probability (PEP) of a
codeword.

The received signal Y, corrupted by additive white Gaus-
sian noise denoted by the 2 X 2 matrix X with covariance
matrix 021, where I, is the 2 X 2 identity matrix, is given by

Y=HLZ +X (1)

Each entry hj; of the 2 X 2 channel matrix H represents the
channel response between transmit antenna i and receive an-
tenna j.
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The received signal (at the mobile) is assumed to be a
linear combination of several paths reflected from local scat-
terers, which results in uncorrelated fading across the re-
ceive antennas and therefore uncorrelated rows of the matrix
H. However, limited scattering at the base station (BS) can
cause antenna correlation and therefore correlated columns
of H. In the general case, a geometry-based stochastic chan-
nel model can be used [10], in which the probability den-
sity function (PDF) of the geometrical location of the scat-
terers is prescribed, corresponding to a power Azimuth spec-
trum (PAS) following a certain distribution. The correlation
between two antennas in this case can be calculated from
the cross-correlation between the antenna array response
elements with respect to the assumed PAS:

p = Rxx(D) + jRxy(D), (2)

where D = 2nd/A, d is the distance between the two anten-
nas, A is the wavelength, and Rxx and Rxy are the cross-
correlation functions between the real parts (equal to the
cross-correlation function between the imaginary parts) and
between the real and the imaginary part, respectively:

m

Rxx(D) = J cos(Dsin ¢p) PAS(¢)d¢,

’ 3)
Rxy(D) = L sin(D sin ¢) PAS(¢)d ¢,

with ¢ the azimuth angle parameter.

In the analysis performed in this paper, in order to char-
acterize performance as a function of the antenna correlation,
a correlation-based model [10] was selected instead. Accord-
ing to this model, the channel H can be written as follows:

H = HyRY?, (4)

where Hyy is a 2 X 2 i.i.d. complex matrix and Ry is the 2 X 2
transmit antenna correlation matrix.

For the general case of a system with M transmit and
N receive antennas employing space-time block coding, it is
shown in [9] that the linear precoder L can be designed to
minimize an upper bound on the average pairwise error prob-
ability. The PEP is defined as the error probability of choos-
ing a certain codeword Z' instead of the actually transmitted
codeword Z*. An upper bound on the average PEP is [9]

PEP < [det(1+D)] ", (5)

where N is the number of receive antennas and D =
(Es/c?)RYZLEEFLHRY?" | with E, the symbol energy, o2 the
noise variance, and E the minimum-distance code error ma-
trix. I B(k,1,t) = ZF(t) — Z!(¢) is the code error matrix, the
minimum-distance code error matrix is defined as

E = arg min det |E(k, I, )E" (k, 1, 1)]. (6)
E(k,Lt)

The design of the linear precoder also satisfies a certain power
constraint condition:

Trace (LLY) = P,. (7)

The linear precoder is computed by solving the minimization
of the average PEP under the power constraint given in (7):

L =V, &V,

-1
(8)
@} yl—(%) AZAY

+

where the singular value decomposition (SVD) of R¥? and

EE" are RY? = U,A, VY and EE = U.A VY, respectively,
y > 0 is a constant computed from the power constraint and
()4 stands for max (-, 0).

For orthogonal space-time block coded systems, EE” is a
scaled identity matrix (Ve = I) and the precoder is indepen-
dent of the matrix E.

In the specific case of a two-transmit-, two-receive-
antenna system that employs Alamouti space-time block
coding [6] and assuming A, ;, A, are the eigenvalues and
[wi, w2]T the strongest eigenvector of the correlation matrix
RY2, the following three cases are identified for the precoder.

(i) When the antenna correlation is less than 1, A, 1, A,, #
0. In this case, for B = (1/A2, — 1/A\2)/(E/0?) < 1, the
precoder can be written as

Lzl[m wi}fﬂ+ﬁ 0 ], o)
w2 —wW 0 J1-

(i) When the antenna correlation is zero, the eigenvalues
of the matrix R¥? are equal and therefore 8 = 0. In this
case, the precoder L becomes

_ L jwmowr
L_ﬁ[w2 _w (10)

and the transmission scheme is equivalent to orthogo-
nal space-time block coding (Alamouti).

(iii) When the antenna correlation is 1, only one eigenvalue
of the matrix RlT/ 2 is nonzero. In this case, =1, Pz =

1
[0 8] and the precoder L becomes

L= m 8} (11)

The transmission scheme is equivalent to a beamformer.

An example system architecture for the incorporation
of the linear precoder, which supports reconfigurability
to antenna correlation, is depicted in Figure 2, where the
conventional HSDPA transceiver scheme has been modified
to accommodate the reconfigurability feature. The new mod-
ules are L, COR, and STD.
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FIGURE 2: Reconfigurability to antenna correlation—transceiver architecture for HSDPA.

At the transmitter, the linear precoder (L) is applied
to the space-time encoded symbols. A generalized space-
time block encoder LZ is needed to replace the conventional
space-time encoder Z. In order to compute the linear pre-
coder coefficients, the correlation matrix is computed (COR)
based on channel information fed back from the receiver. In
an HSDPA environment, for example, this information may
be available from the feedback bits sent by the mobile station.

At the receiver, the generalized space-time block decoder
(STD) has a structure identical to the conventional space-
time block decoder, but needs to consider, instead of the
channel estimates, the equivalent channel HL, defined as the
linear transformation of the channel according to the coeffi-
cients of L. The correlation computation module also resides
at the receiver side, where, based on the channel estimates,
the correlation coefficients are stored and used for the gen-
eralized space-time block decoding. In the case of multiple
receive antennas, maximal ratio combining is applied.

In the analysis carried out in this paper, the antenna cor-
relation is assumed perfectly known at the transmitter. Fur-
ther investigation of the sensitivity [11] of the precoder to
inaccurate channel state information used for the computa-
tion of the antenna correlation has demonstrated robustness
to channel estimation errors.

As shown in [9], the performance of the Alamouti space-
time block coding scheme degrades when the antenna cor-
relation increases, whereas high antenna correlation is ben-
eficial for the beamforming performance. The proposed
scheme performs similarly to space-time block coding for
low antenna correlation values and becomes equivalent to
beamforming for high antenna correlation values. For cor-
relation values between the two extremes, the proposed ap-
proach outperforms both conventional schemes. In Figure 3,
an example is given of the performance of a 2 x 2 HSDPA
transceiver, in terms of required transmit bit signal-to-noise
ratio (Ep/Np) for 1% frame error rate (FER). The proposed
reconfigurable approach is compared to the conventional
Alamouti, denoted by STTD and described by (10), and

Required E,/Nj for FER = 1%

0 0.1 02 03 04 05 06 07 08
Antenna correlation

-6 BF
- STTD
—— Reconfigurable design

FIGURE 3: Reconfigurability to antenna correlation for two transmit
and two receive antennas at 5.4 Mbps.

beamforming denoted by BF and described by (11). The link-
level simulation assumptions are listed in Table 1.

3. LINK-TO-SYSTEM INTERFACE

Performance gains achieved on a single communication link
(link level) do not necessarily translate into equivalent gains
at the system level, where multiple base stations communi-
cate with multiple users. In order to perform a realistic eval-
uation of the performance enhancements achieved by ad-
vanced multiple-antenna and coding schemes, system-level
simulations need to be considered. In addition to modeling
intracell interference, such system-level simulations would
also model the interaction between multiple cells in the form
of intercell interference.
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TasLE 1: HSDPA link-level simulation assumptions.

Parameter Value
Spreading factor 16

Number of codes 15
Modulation QPSK, 16-QAM
Code rate 1/4,1/2,3/4
Data rates 1.8, 3.6, 5.4, 10.8 Mbps
CPICH power 10%

TTI length 2ms

MIMO channel model Flat, correlation-based
UE speed 0km/h
Channel estimation Ideal
Antenna configuration 2Tx, 2Rx

One of the major difficulties in realizing a system-level
simulation is the complexity involved in identifying the per-
formance of the radio links between all terminals and base
stations. Link-level simulation of such a large number of
links is clearly prohibitive. As a result, the performance of the
radio link has traditionally been evaluated in terms of FER as
a function of signal-to-interference-plus-noise ratio (SINR),
averaged over all channel realizations. FER versus SINR per-
formance curves have therefore been used as the interface
between the link- and system-level simulators (average value
interface). This may be adequate for circuit-switched voice-
centric radio networks where a large number of different ra-
dio channel realizations may be observed over the duration
of a coding block. With data-centric radio networks, how-
ever, the relatively short packet durations—as compared to
the channel coherence time—imply that only a single chan-
nel realization is typically encountered over the duration of
a coding block. A specific channel realization encountered
may result in performance, that is significantly different from
the one predicted from the average FER versus SINR curves,
which could have a significant impact on crucial system-level
mechanisms such as packet scheduling.

A suitable interface between link- and system-level sim-
ulations for a packet radio system should be described by
a metric, which can appropriately encapsulate the perfor-
mance of the receiver, say in terms of the probability of frame
error, given the prevailing radio environment (specific chan-
nel realization) over the packet duration. The goal is to be
able to evaluate the probability of frame error at any instant
for a particular user, given the user’s N X M channel matrix
H (M transmit and N receive antennas are assumed in the
general case), interfering channel matrices H,, Hs,...,Hk,
symbol energy E;, and thermal noise energy Ny (actual value
interface). This can be envisaged in terms of curves of the
form

FER = f(C;(H,Hy,...,Hk, E;, Ny)), (12)

where C; = C;(H, Hy,...,Hg, E;, Np) is a scalar performance
metric. As the mapping between a large number of param-
eters (H,Hy,...,Hg, E;, Ny) to FER performance is not fea-
sible, the basic idea in identifying an interface metric like C;

is to select a suitable compression function between this large
number of resource elements to a smaller number (scalar in
this case) before mapping to FER performance. The identi-
fication of a suitable scalar metric, which is a function of all
channel, interference, and noise parameters and can provide
an adequate (one-to-one) mapping to FER performance, is a
challenging task.

We consider a radio packet being received, passing
through an N X M channel matrix H, in the presence of only
additive white Gaussian noise of energy Ny. Then,

FER = f(C;(H,E;, Np)). (13)

The use of the information-theoretic channel capacity C [12]
has been proposed [13] as a suitable interface metric Cj, in
this case

1 E;
C=C= 10g2 det (IN + MﬁOHHH)) (14)

where Iy is the identity matrix. It can be shown that this in-
terface is also suitable for a space-time block coded system
with multiple receive antennas [14]. Furthermore, the ca-
pacity metric under the assumption of Gaussian interference,
where only the received power of the interfering users is ac-
counted for and not their channel structure, was shown [14]
to be a suitable link to system-level interface metric in the
case of a large (> 2) number of intercell interferers. Based on
this observation and the relatively low computational com-
plexity, this metric was selected for the link-to-system inter-
face employed in the analysis carried out in this paper.

The evaluation of a link-to-system interface “lookup”
curve consists of the computation of a large number of
(FER, Cy) pairs satistying (13). In other words, for a fixed
value of (H, E;, Ny), link-level simulations are carried out
and the average FER is evaluated. The value of the metric C
is computed according to (14). The same experiment is re-
peated for a large number of values of (H, E;, Ny), aiming at
spanning the whole range of interest of FER. Ideally, for the
mapping to be one-to-one, the set of (FER, C) points must lie
on a linear curve. In practice, deviation from the one-to-one
mapping is when employing more than one receive antenna.
This deviation is due to the fact that, although in the single-
receive-antenna case, the capacity metric is uniquely charac-
terized by a single eigenvalue of the channel, in the multiple-
receive-antenna case, multiple eigenvalues determine the ca-
pacity metric value. In the study performed herein, up to two
eigenvalues determine the capacity metric depending on the
channel rank. Small perturbations on the eigenvalues may re-
sult in the same instantaneous capacity but slightly different
FER. As shown in [14], such deviations are negligible. Inter-
polation can be employed in this case in order to derive a
single interface curve suitable for the implementation of the
mapping.

As explained in the previous section, in order to achieve
reconfigurability to antenna correlation, the linear precoder
L directs the transmission towards the eigendirections of
the correlation matrix Rr following a water-filling policy.
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A suitable link-to-system interface for the reconfigurable case
needs to consider instead of the channel estimates, the equiv-
alent channel HL, defined as the linear transformation of the
channel according to the coefficients of L, and is given by the
following equation:

_ 1 B ryn H)
C = log, det (IN+MNOHLL H" ), (15)

where L is the precoder matrix.

FER

104 ; ; ; ; ; ;

0 0.5 1 1.5 2 2.5 3 3.5
Metric C

FIGURE 6: Second-degree curve fitting for link-to-system interface
(2 X 2 STTD, antenna correlation = 0.6, 5.4 Mbps).

Based on the simulation assumptions illustrated in
Table 1, link-to-system interface curves have been evaluated
for a number of antenna correlation parameters and data
rates for both the Alamouti space-time block coding and the
proposed reconfigurable design. The results for antenna cor-
relation equal to 0.6 are depicted in Figures 4 and 5.

In order to derive a single interface curve, interpolation
is applied. An example is depicted in Figure 6 for the case of
Alamouti space-time block coding with 5.4 Mbps. The cor-
responding optimum polynomial curve fitting is of the form
f(C) = aC? + bC + ¢ and the corresponding FER is given
by 10/(©). In this case, the application of the least-squares
method yields the following values for the coefficients of the
polynomial f(C):a = 1.1025,b = —7.8207,¢ = 10.853.

The implementation of the interface between link and
system levels consists in the evaluation of the metric C that
describes the link of interest at a certain (instantaneous)
system-level realization. The instantaneous value of C is
computed (see (14) and (15)) as a function of the instan-
taneous channel matrix H, the precoding matrix L, and the
average received SINR. The average SINR is evaluated taking
into account the transmit power, the path loss, and shadow
fading for the desirable signal and interfering links from
all other cells in the network along with the thermal noise
power. For a certain instantaneous value of C, the interface
“lookup” curve is used to identify the FER that corresponds
to this value.

4. SYSTEM-LEVEL ASSUMPTIONS

The basic assumptions for the implementation of the HSDPA
system-level simulator [15] are as follows.

Cell deployment. The HSDPA deployment consists of 19
three-sector sites, as depicted in Figure 7. The sectored archi-
tecture is selected for interference reduction and harmoniza-
tion with the standards [16].
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Propagation modeling. Suitable propagation models
should be adopted according to the specified deployment
scenarios. In an urban and suburban environment, the prop-
agation model introduced in [15] will be used for the HSDPA
deployment as shown in the following equation:

PL = 128.1 + 37.6log,,(R), (16)

where PL is the path loss in dB and R is the distance in km.
Slow fading is added with standard deviation of 10 dB.

MIMO channel modeling. The MIMO channel model in-
corporated in the reconfigurable HSDPA simulator is the
correlation-based stochastic channel model described in (4).
A flat (single-tap) channel model is assumed for the sake of
simplicity, as the focus of the analysis is on the impact of
antenna correlation. Nevertheless, frequency selectivity can
be reflected to a correlation-based model or in a geometry-
based stochastic model as analyzed in [10]. Moreover, the
approach of the link-to-system interface and system-level
methodology is equally applicable to the frequency selective
case by considering the channel capacity metric in this case
[17].

User mobility. A walking speed mobility scheme is
adopted. At the beginning of a simulation run, a user is as-
signed an initial position, a moving direction, and a speed
with values uniformly distributed in [0, 3] km/h.

Services. Two packet-switched services are simulated in
the downlink only:

(i) Web browsing with average transmission rate 64 kbps;
(ii) FTP with average transmission rate 384 kbps.

The above rates correspond to the prescribed service rate for
Web browsing and FTP. For each service, the service activity
factor (SAF) is defined as the percentage of the communica-
tion traffic generated by the network subscribers requesting
the specific service. In the study carried out in this paper, the
SAF is set to 0.6 for the Web users and 0.4 for the FTP users.
This means that 60% of the communication traffic within the
network is generated by Web users and 40% of the traffic is
generated by FTP users.

Traffic pattern. The proposed ETSI data-traffic model in
[18] assuming that all users are in an active session is con-
sidered. The adoption of this model results in generating a
certain load with a smaller number of users, and hence re-
ducing the complexity and simulation time. At the beginning
of a simulation trial, the equivalent number of users that gen-
erates the given traffic load per sector is uniformly dropped
within the network of cells. For the simulation scenarios con-
sidered in this paper, the traffic load per sector is 9 Mbps.

We consider the general case where the load per sector is
I 'and the network deployment consists of # cells. The equiv-
alent number of users that generates this traffic load is given
by the following equation:

No. of users = [7” . l SAF ] +1, (17)

service_rate

where the symbol [x] denotes the integer part of the real
number x. A numerical example of the application of (17)
is as follows: for a network deployment that consists of 19
three-sectored sites, n = 3 % 19 = 57 sectors. The values for
service_rate are 64 kbps and 384 kbps for Web browsing and
FTP, respectively, whereas I = 9 Mbps/sector. The SAF is 0.6
and 0.4 for Web browsing and FTP users, respectively. Substi-
tuting the corresponding values in (17), the number of users
in the network is 4818 for Web browsing and 528 for FTP. It
is worth observing that although the percentage of FTP users
related to the overall number of the network users is less than
10%, they generate 40% of the communication traffic within
the network.

Packet scheduler. Packet scheduling is performed by ev-
ery sector base station. The users are rank ordered accord-
ing to their instantaneous capacity C metric. Every user has
one source queue where data are generated according to the
user service rate. Only one user can be served at every MAC
frame. The scheduling is performed on a frame-by-frame ba-
sis and the user with the highest C metric is served first. The
scheduler continues to transfer data to the user until the en-
tire user’s data have been transferred. Once this happens, the
user (from the remaining set of users) with the highest in-
stantaneous C metric is served by the base station and the
whole process continues until the MAC frame downlink time
resources are exhausted.

Performance metrics. The system-level performance is
evaluated in terms of user and system throughput as well as
the number and percentage of satisfied users.

The throughput is defined as the number of successfully
transmitted bits in a specific period of time and is measured
in Mbps.

For every user of the network, the User Throughput dur-
ing one frame is computed by the following equation [18]:

User Throughput = puode User X (1 — FERyser ), (18)

where puode User 15 the nominal bit rate of the specific user,
which depends on the link quality and FER e is the frame
error rate for the user obtained through the link-to-system
interface described in the previous section. Then, the sector
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TaBLE 2: System-level simulation parameters.

Parameter Value Comment
Number of cells 19 3 sectors

Cell shape Hexagonal —

Cell radius 1400 m —
Propagation model PL= 128.1 +37.6log,,(R) Rinkm

Log normal shadowing 10dB —

User mobility Uniformly distributed in [0, 3 km/h] Walking speed

MIMO channel

Flat, correlation-based stochastic model

Carrier frequency 2000 MHz —
Overhead channel CPICH, P-CCPCH,
downlink power usage 20% $-CCPCH, SCH, etc.
Base station power 44 dBm —

Noise power —99dBm —

throughput is calculated by summing the User Throughput
for every user within the sector. The System Throughput is
obtained by averaging the sector throughput for all the sec-
tors of the network. Finally, the Average System Throughput
represents the System Throughput averaged over the whole
simulation time.

A user is classified as satisfied if his/her average through-
put, over the session duration, is at least 95% of the corre-
sponding service rate. The number and the corresponding
percentage of satisfied users are calculated separately for each
service. The overall number/percentage of satisfied users rep-
resents the satisfied system users.

Depending on the system load, channel quality, and so
forth, a user’s average throughput may be smaller than the
corresponding service rate. Hence, a performance metric of
interest is the average user throughput expressed as a per-
centage of the service rate.

In Table 2, the system simulation parameters are summa-
rized.

5. SYSTEM-LEVEL SIMULATION METHODOLOGY

In this section, the system simulation methodology is pre-
sented. The first step of the system simulation involves the
placement of base stations in the coverage area of the wire-
less network, the placement of the mobiles within each cell,
the evaluation of path loss and shadowing from each base sta-
tion to each mobile, and the identification of a serving base
station for each mobile based on the computed losses.

In the main simulation loop, it is checked whether the
position of every user should be updated. In this case, the
signal strengths between all considered transmitters and re-
ceivers are calculated. The average signal-to-interference-
plus-noise ratio (SINR) is evaluated taking into account the
transmit power, the path loss, and shadow fading for the
desirable signal and interfering links from all other cells in
the network along with the thermal noise. Link adaptation
mechanisms are activated.

For every frame, MIMO channels for the wanted signals
at all mobiles need to be simulated. The computation of the
MIMO channel matrices takes place in accordance with the

channel model proposed in Section 2 and includes fast fad-
ing. This procedure is in line with dynamic system-level sim-
ulations [19, 20, 21] and is in contrast to traditional system
simulation methodology where fast fading is only considered
for generating performance curves at the link level. To deter-
mine the FER performance of a mobile receiver in conjunc-
tion with a specific MIMO channel realization, we make use
of the information-theoretic capacity metric C described in
(14) and (15) for the non-reconfigurable and reconfigurable
cases, respectively.

The performance of the mobile receivers is assessed by
consulting precomputed curves (FER = f(C)) like the ones
illustrated in Figures 4 and 5, derived from link-level simula-
tions based on different values of the channel matrix H and
SINR. As small deviations from a one-to-one mapping may
be observed, and in order to derive a single interface curve,
interpolation needs to be applied, as depicted in Figure 6.

At the end of the simulation time, statistical results from
the simulated network are gathered and processed. Based on
the above description, an outline of the simulation proce-
dure is described in Algorithm 1 in a pseudocode format,
where time steps correspond to frame duration. The sim-
ulation procedure is also depicted in Figure 8 in flow chart
format.

6. SIMULATION RESULTS

The system-level performance is investigated for the recon-
figurable and non-reconfigurable space-time block coding
HSDPA cases. The single-antenna-test case is also investi-
gated as a reference point, in order to demonstrate the ben-
efits of employing space-time techniques. The system is sim-
ulated for 180 seconds. The performance metrics of interest
are the user and system throughput and the number and
percentage of satisfied users. The equivalent load per sector
is considered equal to 9 Mbps and the traffic pattern de-
scribed in Section 4 is used for different values of the antenna
correlation. In Table 3, the system-level performance sim-
ulation results are summarized. The first column describes
the corresponding test case with the following notation:
SISO, NRC, and RC stand for single-input single-output,
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Initialization phase

(i) Place a number of mobiles within the geographic
area of the network, in accordance with an
assumed traffic pattern.

(ii) Evaluate the path loss and shadowing from each
base station to each mobile, and allocate a serving
base station to each mobile in the system.

Forn =1to N time steps

(i) Update the offered traffic at the base stations for
each mobile in accordance with the applied traf-
fic model. Use path and shadow loss, in conjunc-
tion with the base station transmit powers, to
determine the long-term averaged power levels
of the received wanted and interfering signals,
and hence the average SINR, at each mobile.
Operations such as link adaptation and hand-
over are based on these power levels.

(ii) Compute the channel matrix for the wanted
signal in accordance with the channel model
described in Section 2. In the case of the recon-
figurable design, compute the precoder matrix
L based on the channel matrix for the wanted
signal. Evaluate the C metric using (14) or (15),
depending on the simulation scenario.

(iii) Determine the performance of each mobile
receiver by consulting precomputed curves of
the form FER = f(C).

End

End of simulation.

ALGorITHM 1: System-level simulation procedure.

non-reconfigurable, and reconfigurable, respectively. The
following column describes the value of the antenna correla-
tion (0, 0.6, and 0.9). The total number of users in the system,
the number of satisfied users, the average system throughput,
and the percentage of satisfied users are depicted. It can be
observed from Table 3 that a network of SISO base stations
cannot efficiently serve a traffic load of 9 Mbps, and similar
heavy loads result in a low throughput and a low percentage
of satisfied users (5.05Mbps and 45%, respectively). Thus,
for such a heavy load, the incorporation of multiple anten-
nas and the application of space-time processing should be
considered, where the conventional 2 X 2 Alamouti space-
time block coding scheme achieves 7.55 Mbps average system
throughput and percentage of satisfied users equal to 80.5%
for the ideal case of zero antenna correlation (for which the
Alamouti approach achieves best performance, as depicted in
Figure 3).

An increase in antenna correlation from 0 to 0.9 re-
sults in an average throughput decrease from 7.55 Mbps to
6.89 Mbps. The percentage of satisfied Web users decreases
from 80.9% to 73.5%, whereas the percentage of satisfied
FTP users decreases from 79.1% to 64.3%.

The application of the reconfigurable algorithm, when
the antenna correlation is equal to 0.6, achieves a 2.7%

improvement in system throughput. The number of satisfied
Web users is improved by 3.4% and the number of satisfied
FTP users is improved by 5.4%. Finally, the number of over-
all satisfied system users is improved by 3.6%. It should be
noted that the improvement of the number of satisfied sys-
tem users is very close to the improvement of the number of
satisfied Web users since the latter represent around 90% of
the total network users.

For antenna correlation equal to 0.9, the application of
the reconfigurable scheme achieves a 12.34% improvement
in the system throughput. The number of satisfied Web users
increases from 3541 to 3969, equivalent to 12.03% improve-
ment, whereas the number of satisfied FTP users is increased
from 327 to 406, equivalent to 24.15% improvement. The
number of satisfied system users is increased from 3868 to
4375, which represents an improvement of 13.1%. Finally it
is worth mentioning that the reconfigurable algorithm, ap-
plied when the antenna correlation is high, slightly outper-
forms the conventional non-reconfigurable algorithm when
the antenna correlation is ideal (equal to 0).

It should be further emphasized that a tight threshold
has been selected to determine user satisfaction. In a real-
istic network, even when the user throughput is less than
95% of the service rate, the quality of service may still be
sufficient. In order to obtain a better insight into the net-
work’s performance, it is interesting to investigate the dis-
tribution of the user throughput expressed as a percentage
of the service rate. This information is depicted in Figure 9
for Web browsing users and in Figure 10 for FTP users, com-
paring reconfigurable and non-reconfigurable cases for an-
tenna correlations equal to 0, 0.6, and 0.9. For Web browsing,
80% on the horizontal axis corresponds to a user through-
put of 51.2 kbps, while for FTP, 80% corresponds to a user
throughput of 307.2 kbps. It can be therefore observed that
the majority of the network users are served with sufficient
data rates for all the simulated test cases. Moreover, the im-
pact of the increase in antenna correlation is quantified by
the decrease in the number of users that are served with a
throughput larger than 80% of the service rate. This perfor-
mance degradation is rectified efficiently by applying the re-
configurable technique proposed in this paper.

7. CONCLUSIONS

In this paper, the system-level performance of an HSDPA
multiple-antenna network, which employs space-time block
coding schemes and supports reconfigurability to antenna
correlation, was evaluated.

Reconfigurability was achieved at the link level by em-
ploying a linear precoder, which exploits the knowledge of
long-term properties of the channel state information at the
transmitter.

A link-to-system interface was applied, based on the
instantaneous values of the channel capacity, in order to
achieve a one-to-one mapping between a specific channel re-
alization over a frame duration and the probability of frame
error.
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Initialization:
Cell deployment
Traffic model
Mobility
Channel model
Assignment in cells
Results processing: Yes
System throughput #frames > total_frames?
User throughput
Satisfied users
Update user position
Check for handovers
Link adaptation
Average SINR calculation
Estimation of FER
Fast fading calculations
User scheduling
(instantaneous SINR,
C-metric)
#frames ++
F1GURE 8: System-level simulation procedure flow chart.
TaBLE 3: HSDPA system-level simulation results for 9 Mbps/sector traffic load.
Test COR Web FTP Satisfied Satisfied Average system Satisfied Satisfied Satisfied
cases users users Webusers FTPusers throughput (Mbps) Web users (%)  FTP users (%)  system users (%)
SISO — 4818 528 2248 158 5.05 46.6 29.9 45.0
NRC 0 4818 528 3902 402 7.55 80.9 79.1 80.5
NRC 0.6 4818 528 3756 372 7.31 77.9 73.2 77.2
NRC 0.9 4818 528 3541 327 6.89 73.5 64.3 72.3
RC 0.6 4818 528 3885 392 7.51 80.6 77.1 80.0
RC 0.9 4818 528 3969 406 7.74 82.4 79.9 81.8

A system-level simulation methodology has been imple-
mented taking into account fast fading and packet schedul-
ing. The system-level performance was measured in terms
of average system throughput and number of satisfied users.
Web browsing and FTP services were considered in the sim-
ulations. It should be emphasized that in the simulation
methodology presented herein, simplified assumptions on
system-level functionalities were intentionally selected, as the
objective was to investigate the system-level enhancements
achieved by introducing reconfigurability in a space-time
block coded system. Future studies could consider additional
features of HSDPA, such as fast link adaptation and hybrid-
automatic repeat request (H-ARQ).

System-level simulations were carried out for ideal, in-
termediate, and high antenna correlation conditions with

nonreconfigurable and reconfigurable techniques. The
degradation of the system performance was demonstrated
for increasing antenna correlation. The application of the
proposed reconfigurable technique was shown to efficiently
compensate for the performance degradation for any value
of the antenna correlation.

For intermediate antenna correlation values, the recon-
figurable scheme was shown to achieve enhancements (over
the conventional non-reconfigurable approach) of up to 3%
in average system throughput and up to 5.5% in the number
of satisfied users, whereas for high values of antenna correla-
tion, the achieved improvements were 12% and 24%, respec-
tively.

The system-level performance evaluation has proved that
the application of the proposed reconfigurable technique



1666

EURASIP Journal on Applied Signal Processing

4500

4000

3500

3000

2500

2000

1500

Number of Web users

1000

500 - -

0 20 40 60 80 100

Average user throughput/service rate (%)

m NRC correlation = 0 = RC correlation = 0.6
m NRC correlation = 0.6 mm RC correlation = 0.9
= NRC correlation = 0.9

FIGURE 9: Distribution of the Web users average throughput ex-
pressed as a percentage of the service rate for reconfigurable (RC)
and non-reconfigurable (NRC) Alamouti 2 X 2.
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FiGure 10: Distribution of the FTP users average throughput ex-
pressed as a percentage of the service rate for reconfigurable (RC)
and non-reconfigurable (NRC) Alamouti 2 X 2.

is extremely valuable for heavily loaded HSDPA networks
where high antenna correlation values are present.
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