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Abstract— Currently, there is a high level of interest in MIMO
antenna systems, such as per-antenna-rate-control (PARC), for
enhancing the data rates for the HSDPA provision of the
WCDMA standard. Recent studies have shown that PARC may
be improved by adaptively selecting the number of transmitted
substreams (the MIMO mode) and the antenna subset from which
the substreams are transmitted to better match propagation con-
ditions. In this paper we evaluate the system-level performance of
S-PARC for HSDPA. We show that S-PARC achieves significant
gains with respect to conventional (non-selective) PARC as well
as receive diversity systems, even in the presence of spatially
correlated fading. We demonstrate the importance of MIMO
mode and antenna selection in correlated fading, and show that
without it, a performance loss with respect to receive diversity
can occur.

I. INTRODUCTION

Currently, there is a high level of interest in multiple-
input-multiple-output (MIMO) antenna systems for enhanc-
ing the data rates for the high-speed-downlink-packet-access
(HSDPA) provision of the WCDMA standard. Two such
techniques that have attracted significant attention are (1)
spatial-multiplexing, e.g., code-reuse (CR)-BLAST, a variant
of the well known V-BLAST system [1], and (2) per-antenna-
rate-control (PARC) [2], [3]. Both approaches transmit data
substreams from all antennas simultaneously. However, recent
studies have shown that performance can be improved by
adapting both the number of transmitted substreams (i.e., the
mode) and the subset of antennas from which the substreams
are transmitted in order to better match propagation condi-
tions. For example, [4] and [S] consider selection for spatial-
multiplexing systems, and [6] considers a selective version of
PARC (S-PARC).

While the gains due to selection have been established at the
link-level, the literature contains little in the way of system-
level evaluations of these schemes. In this paper, we assess
the gains of S-PARC through system-level simulation in a
practical HSDPA setting. This work builds upon our previous
work reported in [7] in which we assess the system-level gains
of CR-BLAST. Through system simulation, we are able to
address the following important aspects not captured in a link
evaluation:

« SNR operating regime. In general, the gains offered by
MIMO are heavily dependent on SNR operating regime.
Through simulation of a multicell system with multiple
services, the operating regime is established since both
own-cell and other-cell interference are modeled. The
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operating regime is further affected by the multiuser
diversity obtained through user scheduling.

o Antenna correlation. It is well-known that the perfor-
mance of MIMO schemes is sensitive to the correlation
between antennas [8]. In this study we implement a
version of the recently developed 3GPP spatial channel
model [9] in our system simulator. Use of this model
allows us to evaluate how well S-PARC adapts to the
mobility of users as they experience differing correlation
scenarios due to changing angle spreads and angles of
departure, as well as differing delay spreads.

o Hybrid ARQ (HARQ). Modeling retransmissions is
crucial in order to properly establish user and system
throughput.

II. TRANSMITTER AND RECEIVER STRUCTURES

Fig. 1 shows the S-PARC transmit structure used in this
study. Here, the transmitter is configured for mode-N, i.e.,
N < M data substreams are transmitted where M is the
number of transmit antennas. The selected data rate for each
substream is based on the feedback of channel quality indica-
tors (CQIs) from the mobile. The CQIs are simply quantized
versions of the SINRs at multiple stages of the successive
interference cancellation receiver described below. Both the
mode and the physical antennas on which the substreams are
transmitted are adaptive, and the adaptation is based upon a
maximization of the sum data rate across streams. In this way,
the transmitter adapts to poor propagation conditions (e.g.,
low SNR, high antenna correlation) by selecting lower order
modes, and good propagation conditions by selecting higher
order modes.

In addition to the high-speed downlink shared channel (HS-
DSCH) transmitted on N antennas, Fig. 1 also shows the
transmission of a pilot on all M antennas to facilitate channel
estimation at the receiver. A number of dedicated physical
channels (DPCHs) are also transmitted from antenna 1 (for
backwards compatibility). These include associated dedicated
channels (ADPCHs) required for HS-DSCH operation, voice,
control channels, etc. The multiple channelization codes used
for the data substreams are reused on each active transmit
antenna to avoid a code limitation problem; however, the pilot
signals on all antennas are orthogonal.

In this study, the receiver is based on a combination of
successive interference cancellation (SIC) and generalized-
RAKE (GRAKE) concepts [10], and is specifically designed
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Fig. 1. S-PARC transmit structure for HSDPA showing the transmission of
N < M data substreams on the HS-DSCH.

to handle frequency-selective fading. The structure of the
SIC-GRAKE receiver is fully described in [6]; however, we
discuss the salient features here in order to understand the link
adaptation process as well as the link-to-system interface.

The receiver front end is comprised of several banks of
correlators (fingers), one for each of the K channelization
codes used for the HS-DSCH. Each bank of fingers spans
the multiple receive antennas, and the number of fingers per
receive antenna is allowed to be greater than the number
of channel tap delays. The extra fingers are used for the
suppression of interference comprised of ISI/MAI from the
data streams not yet cancelled through SIC as well as MAI
from all non-HS-DSCH related channels, i.e., the DPCHs
in Fig. 1. The interference is suppressed by treating it as
colored Gaussian noise and exploiting its correlation across
fingers in the design of the GRAKE combining weights. Since
the interference level is different at each stage of SIC, the
combining weights are necessarily different at each stage. We
denote the combining weight vector for the nth stage as w,,,
where the length of this vector is equal to the total number of
fingers spanning all receive antennas.

For link adaptation purposes, we desire an expression for
the post-combining SINR for each stage of the SIC-GRAKE
receiver. The number of stages in the receiver is strictly equal
to the number of transmitted data streams N. Denote ¢, () as
the transmitted symbol on the kth channelization code of the
nth data substream during the ith symbol period. The despread
vector (correlator bank output) corresponding to this symbol is
given by y,x (1) = hycni (1) +Xnp (i) where by, is the spatial
net response vector. The net response vector is a function of the
medium response between the physical antenna from which
the nth data substream is transmitted and all receive antennas,
as well as the chip-pulse autocorrelation function and finger
delays (see [6, eq. (2)]).

The impairment vector X, (i) contains interference from
all sources not related to the desired symbol ¢, (¢). This
includes ISI/MALI from the K data codes used for substreams
{n,n+1,--- N} (i.e., the ones not yet cancelled through
SIC), MAI from the DPCHs transmitted from antenna 1, noise,
and other-cell interference. We implement pilot subtraction in
the receiver; hence, X, (1) does not include a pilot compo-
nent. In this study we model the other-cell interference as
spatially and temporally white.

The spatio-temporal covariance matrix of the impairment
is denoted Ry (n) = E [xnk (1) lek (z)} where { denotes
Hermitian transpose. It is a function of the medium response
between a subset of the transmit antennas and all receive
antennas as well as the chip-pulse autocorrelation function
and finger delays (see [6, eq. (3)]). It is also a function of
the receiver input SNR v, = E./I, where E,. is the total
received energy per-chip from all transmit antennas. This is
a function of the total transmit energy as well as the path-
loss and shadowing between the base station and a given user
terminal. The quantity I, is the power spectral density of the
combined noise and other-cell interference (modeled as white).

The per-code post-combining SINR for the nth stage of SIC
is determined by the ratio of the signal and noise components
of the combiner output z,, (i) = w!y,x (i) and is given by

wih 2 lew (9)f

wLE [xnk (i)x! (i)} Wi,

Pn = =hiR;'(n)h,. (1)

The latter equality follows from the former since the GRAKE
combining weights are given by the vector w,, = R* (n) h,,.

III. SYSTEM SIMULATION APPROACH
A. Link Adaptation

To enable link adaptation, the mobile terminals feed back
quantized values of the per-stage SINRs {p1,p2, - ,pn}
corresponding to the best transmit antenna selection for each
possible mode N € {1,2,---,M}. The best antenna selec-
tion for each mode is determined by considering all possible
combinations of /N antennas, and for each combination, the NV
SINRs are mapped to rates through a modulation and coding
scheme (MCS) look-up table. The rates are then summed, and
the antenna selection with the largest sum rate is selected.
An indicator of this selection is fed back to the base station
along with the corresponding SINRs. In this way, the mobile
terminals perform antenna selection, but the base station is
still able to select the mode.

The mode selection at the base station is also based on the
maximum sum data rate; however other factors are typically
taken into account. For example, the base has knowledge of
available resources (power, codes) that may change from when
the mobiles prepare their CQI reports. This could require
rescaling of the reported SINRs thus requiring remapping of
SINRs to rate in order to find the mode with the best sum
rate. In addition the base station has knowledge of how much
data is in queue for each user which may affect the selected
mode, especially in bursty traffic conditions.

The MCS look-up table used for mapping per-stage SINRs
to per-stream data rates contains a number of SNR-rate
combinations plotted in Fig. 2. Each data rate corresponds
to a particular combination of modulation type, number of
channelization codes, and encoding rate for the WCDMA
turbo code. In this study, the number of channelization codes
K used for the HS-DSCH is fixed at 12. The modulation
types used are QPSK and 16-QAM. The SNR switching point
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MCS rates for 12 channelization codes with QPSK/16-QAM

for each MCS, i.e., the SNR below which a particular MCS
is not allowed to be selected, is determined by simulating
the block-error-rate (BLER) performance of the MCS in an
AWGN channel. The switch point is defined as that SNR for
which the BLER is equal to 10%.

B. Spatial Channel Model

In order to study the effects of antenna correlation, we
consider two scenarios specified by the 3GPP spatial channel
model (SCM) [9], namely the suburban macrocell and the
urban microcell scenarios. The suburban macrocell scenario is
broadly classified as narrow angle spread with variably light
and heavy dispersion depending on the position of the mobiles
in the cell. The urban microcell scenario, in contrast, is broadly
classified as wide angle spread with light dispersion. In
addition it contains a line-of-sight (LOS) component resulting
in Rician fading.

In both cases, a modified version of the 3GPP SCM is
implemented in order to overcome prohibitively large storage
and computation requirements. The main parameters that
affect spatial correlation, namely angle spread (AS), angle
of departure (AoD), delay spread (DS), and Rician K-factor
(K), are coarsely quantized to allow precomputation of a
limited number of look-up tables containing the per-stage
SINRs described previously. The SINRs in the look-up tables
correspond to a large number of channel realizations that are
generated using the SCM with the quantized values of AS,
AoD, DS, and/or K. For each channel realization, the SINRs
are precomputed for a range of input SNRs ,. Time variant
angles of arrival (AoA) at the mobile terminals are accounted
for by physically rotating the receive antenna orientation 360
degrees across the span of each look-up table.

During simulation, when the mobile positions are known,
the AS, AoD, DS, and/or K parameters are generated accord-
ing to the probability distributions specified by the 3GPP SCM
and then quantized in order to index the appropriate look-
up tables for each mobile. As the mobiles move, they index
different positions in the tables. The appropriate SINRs at
each index point are retrieved once the path-loss, shadowing,

and other-cell interference power are known which together
determine the input SNR +,. In this way, the variation of the
spatial correlation across the cell is captured.

The important parameters for the suburban macrocell sce-
nario are as follows. The delay spread (DS) is quantized to
two values corresponding to the Pedestrian A power delay
profile (light dispersion) or the Vehicular A profile (heavy
dispersion). See [9] for the specification of these profiles. The
angle spread (AS) at the base station is quantized to three
values: 2, 5, and 8 degrees. The angle of departure (AoD) is
quantized to two values: 12 and 48 degrees. The path loss
model is PL (dB) = 32.33 + 35.04log,,d where d is the
mobile to-base-distance. The cell radius is 1500 m.

The important parameters for the urban microcell scenario
are as follows. A single delay spread (DS) value is used
that matches the 3GPP SCM, resulting in light dispersion.
However, the power-delay profile (PDP) used is an empirically
designed 3-tap profile (plus LOS component) with fixed delays
rather than the random delay model in [9]. The angle spread
(AS) and angle-of-departure (AoD) are quantized to only
one value: 19 degrees and 0 degrees, respectively. We chose
such a coarse quantization since we found that the antenna
correlation was insensitive to these parameters; the largest
sensitivity was due to the Rician K-factor. Consequently,
we quantize the K-factor to 6 values: —15, —10, —5, 0,
5, and 10 dB. During simulation, the K-factor is selected
based on the mobile-to-base distance d. We found that the
mean value of the K was between 0 and 5 dB. The path
loss model for the non-line-of-sight (NLOS) component is
PL(dB) = 35.68+38.001log, d and for the LOS component
is PL (dB) = 30.62+ 26.001og; d. Notice that the path loss
exponent is significantly lower for the LOS component. One
might imagine this to result in significant interference to other
cells. However, the cell radius for the microcell environment
is 500 m, and according to the SCM, the probability of a
LOS component occurring decays linearly out to d = 300 m.
Hence, a LOS component cannot occur for mobiles located
greater than 300 m from the serving base which is less than
the cell radius.

For both environments, the angle spread at the mobile
is fixed at 70 degrees and the receive antenna spacing at
0.5\, Three different transmit antenna spacings are considered,
10X, 4\ and 0.5)\. However, we found little improvement in
performance of the 10\ spacing compared to the 4\ spacing,
hence performance results are presented only for the two closer
spacings.

C. Simulation Parameters

Other important parameters for the HSDPA system simula-
tion are as follows:

7 site layout with 1/3 sectorization (21 cells) with wrap-
around to avoid edge effects; 500m cell radius; uniform
user distribution; data users only (i.e., no voice users).

o Pilot power is 10% of maximum base station power for
M =1, 12.5% for M = 2, and 15% for M = 4



+ Remainder of base station power (70-75%) allocated to
HS-DSCH after power requirement is met for pilots,
ADPCHs, and other overhead channels

o Hybrid ARQ employs Chase combining. Block error on
any one stream forces retransmission of all streams.

¢ Continuous traffic model, i.e., full transmit buffers all of
the time

o Proportional fair scheduling

o User mobility 3 km/h

o Error-free CQI feedback; non-ideal link adaptation mod-
eled through 2 TTI feedback delay (4 ms)

D. Performance Measures

The two performance measures we consider are user and
system throughput, obtained as the offered load is varied as 1,
2, 5, 10 users/cell. User throughput is defined as the number
of correctly delivered bits (accounting for retransmissions)
divided by the simulation time. User throughput is a random
variable across the ensemble of users, and we choose the
90th percentile measure which serves as a lower bound on
the performance for the 10% best users. System throughput
is the number of correctly delivered bits to all users in the
system normalized by the total number of cells.

For reference we generate throughput results for a single-
input-single-output (SISO) system as well as a receive di-
versity (RxDiv) system with the same number of receive
antennas as S-PARC. The latter is an important reference to
establish whether the investment of extra transmit antennas is
worthwhile. The receiver used for both SISO and RxDiv is a
special case of the SIC-GRAKE receiver used for S-PARC in
that only one stage is required. In addition, we compare the
performance of S-PARC to conventional (non-selective) PARC
where mode-M is transmitted exclusively.

IV. RESULTS AND CONCLUSIONS

Figs. 3-8 show the performance of S-PARC for the 4 x 4
and 4 x 2 antenna configurations. Clearly, S-PARC offers
significant gains with respect to both SISO and RxDiv. Com-
paring the two environments, the urban microcell environment
offers better absolute throughputs due to the low delay spread
and the large angle spread which results in low antenna
correlation. Relatively speaking, the 4 x4 S-PARC system with
4\ antenna spacing achieves a 3.5 (2.8) factor improvement
in the macrocell (microcell) environment compared to SISO
at a load of 2 users/cell (2nd point on each curve). For the
4 x 2 S-PARC system, the improvement factor is 1.8 for both
environments.

Even when the antenna spacing is reduced from 4\ to 0.5,
thus increasing the antenna correlation, S-PARC still achieves
a gain with respect to RxDiv. Moreover, in the microcell
scenario, there is very little degradation with tight spacings
due to the low antenna correlation in wide angle spread.
Interestingly, even with a LOS component, the presence of the
diffuse component offers enough effective subchannels over
which to transmit multiple streams and thus achieve a rate
gain.

These results illustrate the importance of mode selection
for S-PARC used to adapt to different antenna configurations,
SNRs, and correlation scenarios. From Fig. 5, one can see that
as the antenna spacing decreases (correlation increases) modes
3 and 4 are selected much less frequently in favor of the lower-
order modes in the suburban macrocell environment. For the
4 x 2 configuration in the macrocell environment (Fig. 8) one
can see that modes 1 and 2 are used almost exclusively, since
the receiver has only two antennas. However, when the antenna
spacing is reduced, mode 1 is selected more frequently than
mode 2. In the microcell environment, on the other hand, the
antenna spacing has very little impact on the mode selection
due to the low correlation values. All of this is consistent
with theory that says that as correlation increases, the effective
number of subchannels through which to signal is reduced.
S-PARC adapts to this automatically by transmitting fewer
streams [8].

In contrast to the above conclusions, conventional (non-
selective) PARC runs into problems when the number of
receive antennas is less than the number of transmit antennas
and/or the antenna correlation is quite large. For example, in
Fig. 6, one can see that PARC offers only marginal gains with
respect to RxDiv. Moreover, for very close antenna spacings
PARC actually suffers a degradation. We note that the use of
PARC in balanced antenna configurations (e.g., 4 x 4) can
achieve a large fraction of the gains of S-PARC, especially in
the lightly dispersive, wide angle spread scenarios (i.e., urban
microcell).
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