
4354 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 59, NO. 9, NOVEMBER 2010

Measurement-Based Performance Evaluation of
MIMO HSDPA

Christian Mehlführer, Member, IEEE, Sebastian Caban, Member, IEEE, and Markus Rupp, Senior Member, IEEE

Abstract—In this paper, we report on the results of physical-
layer multiple-input–multiple-output High-Speed Downlink
Packet Access (HSDPA) throughput measurements. These
measurements were carried out in two different environments:
1) an alpine valley and 2) a city. In addition to the standard
compliant single- and two-transmit-antenna HSDPA schemes, we
defined and measured a four-transmit-antenna HSDPA scheme
to explore future enhancements of the standard. To analyze the
implementation loss, we introduce the so-called achievable mutual
information and compare it with the actually measured data
throughput. We find that the measured data throughput is far
from the optimal, leaving room for future receiver optimizations.
Furthermore, we find that the achievable mutual information is
far from the channel capacity. Thus, optimizations in the standard
could further improve HSDPA performance.

Index Terms—Array signal processing, code-division multiple
access, channel quality indicator (CQI), cross polarization, feed-
back communication, information rates, multiple-input–multiple-
output (MIMO) systems, precoding control indicator (PCI),
testbed measurements, throughput performance.

I. INTRODUCTION

THE High-Speed Downlink Packet Access (HSDPA) mode
[2] was introduced in Release 5 of the Universal Mobile

Telecommunications System (UMTS) to provide high data
rates to mobile users. Significant improvements are achieved
by several techniques, such as fast link adaptation [3], fast
hybrid automatic repeat request (HARQ) [4], and fast schedul-
ing [5]. In contrast with the pure transmit power adaptation
performed in former releases of UMTS, fast link adaptation
in HSDPA adjusts the data rate and the number of spread-
ing codes defined by the so-called channel quality indica-
tor (CQI) feedback. Multiple-input–multiple-output (MIMO)
HSDPA [6], which has recently been standardized in Release 7
of UMTS, further increases the maximum downlink data rate by
spatially multiplexing two independently coded and modulated
data streams. In addition, channel-adaptive spatial precoding
is implemented at the base station. The standard defines a set
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of precoding vectors, one of which is chosen based on the
so-called precoding control indicator (PCI) feedback obtained
from the user equipment. To evaluate the performance of such
a highly complex HSDPA system, researchers have chosen
several different approaches.

A. Related Work

Most of the work published on HSDPA during recent
years has concentrated on system-level simulations [7]–[15],
in which an analytical model [16], [17] of the physical layer
is employed. Other theoretical studies that entirely focus on
simulations look into specific details of the HSDPA physical
layer, e.g., HARQ [4], receive antenna diversity [18], equalizer
architectures [19], [20], radio-frequency hardware impairments
[21], or link adaptation [3]. A meaningful assessment of the
performance, however, requires the evaluation of the complete
physical layer rather than the evaluation of individual physical-
layer parts. To the authors’ knowledge, it is only in [22] that
the throughput of a complete single-input–single-output (SISO)
HSDPA system, including the link adaptation, was simulated
and compared with the Shannon capacity of the additive white
Gaussian noise (AWGN) channel. However, since HSDPA is
typically operated in frequency-selective fading channels, the
AWGN channel capacity is not a good performance bound,
because it only considers the mean signal-to-noise ratio (SNR).
A much better, more realistic, and tighter bound is obtained by
calculating the channel capacity based on the channel realiza-
tions of the simulation.

Apart from simulations, HSDPA has been evaluated in a few
experimental studies. In [23], the throughput performance of a
SISO HSDPA system is simulated based on the so-called drive
test measurements, which are used to collect the received pilot
power strength along a specific route within a cell. In subse-
quent simulations, the authors of [23] utilize the pilot power
strength to estimate the HSDPA throughput performance. An
experimental evaluation of a MIMO HSDPA multiuser detector
is provided in [24]. In this paper, the authors present the average
throughput performance of different detectors at 30 indoor
receiver locations. The impact of distributed antenna systems
on the HSDPA performance in indoor environments is studied
in [25]. The same authors performed extensive measurements
with available SISO HSDPA hardware to develop guidelines for
indoor HSDPA network planning and optimization in [26]. The
quality of service in a live HSDPA network is investigated in
[27]. Throughput measurement results of a SISO and a MIMO
HSDPA system are presented in [28] and [29], respectively.
Unfortunately, the results in [29] were obtained by employing
only a nonstandard compliant MIMO scheme and are thus not
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representative of next-generation HSDPA systems. In addition,
none of the aforementioned papers compares the actual data
throughput of a standard compliant MIMO HSDPA system with
the mutual information and/or the capacity of the wireless chan-
nel. Thus, it cannot be inferred from previous publications how
far HSDPA operates from the channel capacity. Furthermore,
previous publications typically do not employ a systematic
averaging approach, and thus, a mean scenario performance
cannot be determined, with the result that such measurements
are not repeatable.

B. Contribution

We performed physical-layer MIMO HSDPA throughput
measurements. The main contributions of this paper are listed
as follows.

1) Results obtained in two extensive measurement cam-
paigns are presented. One campaign took place in an
alpine valley in Austria. In this valley, the propagation
channel had a relatively small mean root-mean-square
(RMS) delay spread1 of approximately 1 chip (260 ns),
because relevant scattering objects existed only in the
immediate vicinity of the receiver. The second campaign
was carried out in the inner city of Vienna, Austria. In
the city, the propagation conditions were non–line of
sight, with a rather large mean RMS delay spread of
approximately 4.3 chips (1.1 μs). In both scenarios, the
receiver is static during a measurement; i.e., its channel
does not change during the reception of one subframe.

2) In all measurements, cross-polarized antennas were uti-
lized at the transmitter and receiver sites. This case is
in contrast to simulations, in which only channel models
with a single polarization are usually employed (see the
detailed discussion as follows).

3) The 1 × 1, 1 × 2, 2 × 1, and 2 × 2 HSDPA schemes are
implemented fully standard compliant. Thus, the results
presented in this paper can be used to predict the potential
benefits of employing MIMO in existing SISO HSDPA
networks.

4) In addition to the already-standardized HSDPA schemes
(up to 2 × 2 MIMO), an advanced four-transmit-antenna
HSDPA scheme was defined and measured to explore
future enhancements of the standard.

5) The throughput measurement results are compared to the
so-called achievable mutual information, which is calcu-
lated based on the mutual information of the channel and
the restrictions of the HSDPA standard. This comparison
offers detailed insight into the implementation losses of
the receiver, as explained in Section V-C.

As opposed to the simulations, we plot our measurement
results over transmit power. This approach is necessary because
of two reasons. First, the adaptive precoding employed in
Release 7 of HSDPA very strongly influences the receiver SNR
while leaving the sum transmit power unchanged. Plotting over
the receive SNR would thus shift the throughput curves of

1The mean RMS delay spread was calculated by averaging the RMS delay
spreads of all channel realizations (measurement positions).

the different HSDPA schemes against each other. Second, we
typically observe large deviations in the average receive SNR
of 3–5 dB between different receive antennas, although they are
only spaced half a wavelength apart. Typically, such deviations
are not reflected by channel models that offer identical average
receive SNR for each receive antenna. Identical average receive
SNRs would only be obtained in a very symmetrical trans-
mission system, in which scattering objects are homogenously
distributed around the antennas. Nevertheless, to facilitate com-
parisons of our measurement results with simulation results, we
compute and display the average SISO receive SNR and the
average SISO receive power in the result figures.

C. Measurements Versus Simulations

Ideally, the performance of communication systems such
as HSDPA should be evaluated for general wireless channels.
This requirement is typically accomplished by two approaches:
1) simulation and 2) measurement. Both approaches have their
individual pros and cons, which are briefly discussed as follows.

Simulations always rely on models of wireless channels
and do not (at least not directly) require costly measurement
campaigns. To obtain reasonable simulation results, realistic
channel models have to be employed. In general, such models
are highly complex and have many parameters that have to
carefully be set to meaningful values. One very recent example
is the Winner Phase 2+ channel model [30]. It includes almost
all known physical wave propagation effects. However, two sig-
nificant effects that are currently (July 2010) not well modeled
are antenna polarization effects and multiuser correlation. The
problem of these (and, possibly, also other currently unknown)
missing physical effects in channel models can be circumvented
by performing measurements. By performing measurements,
all physical effects, whether known or unknown, (well) mod-
eled or not, are included, thus achieving realistic results. By
choosing setups that network providers have chosen (nearby
existing base stations), we ensured that the selected scenar-
ios are typical and the results obtained are meaningful. Our
measurement results include antenna polarization effects and,
possibly, numerous other effects that are currently not known
and thus also not modeled.

In simulations, however, we have to first know all physical
effects and, in the second step, to accurately model them. Both
steps are difficult to carry out, and no current model can guaran-
tee this condition. Performing measurements is thus a method
for obtaining realistic results with correct quantitative mea-
sures. The conclusions drawn from measurements can directly
be applied to modify systems, whereas the conclusions from
simulations depend on the details of the model and how the
numerous model parameters were selected. However, measure-
ments are much more time and cost intensive than simulations
and can therefore only be performed in a limited number of sce-
narios. Thus, measurements are ideally suited as a supplement
to simulations and, in particular, to obtain quantitative results.

This paper is organized as follows. In Section II, we provide
an introduction to MIMO HSDPA and then explain transmit
precoding and receiver processing. Section III explains our
measurement setup and methodology. The term achievable
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Fig. 1. Generalized system model of the HSDPA physical layer.

mutual information is introduced in Section IV as a
performance bound for the measured throughput. Furthermore,
we define in Section IV several novel loss metrics. The mea-
surement results are presented in Section V. We conclude this
paper in Section VI.

II. MULTIPLE-INPUT–MULTIPLE-OUTPUT HIGH-SPEED

DOWNLINK PACKET ACCESS

In this section, we describe the MIMO HSDPA physical
layer. In particular, we elaborate on the precoding at the trans-
mitter, the mathematical representation of the channel, and
the equalization at the receiver. The system model introduced
describes a general MIMO HSDPA system and implies no re-
strictions on the maximum number of data streams, the number
of antennas, and the precoding matrices. Only two restrictive
assumptions are made in this section. First, we restrict our
analysis to slow fading; i.e., we assume that the channel re-
mains approximately constant during the transmission of one
subframe (2 ms). Second, we assume that only one user per
subframe is scheduled by the base station. This assumption is
necessary because of the immense hardware effort required for
multiuser measurements. It should also be noted that multiuser
scheduling for HSDPA is currently a topic of research [31]–[33]
and it remains an open question how such scheduling can
optimally be implemented.

In the following three sections, we define the mathematical
system model, the receiver, and the quantized precoding of
HSDPA.

A. System Model

Assume the spatially multiplexed transmission of Ns inde-
pendently coded and modulated data chip streams, each of
length Lc = Lh + Lf − 1 chips, where Lh and Lf correspond
to the channel and the equalizer length, respectively. A block
diagram of this transmission system is shown in Fig. 1. We
define the stacked transmit chip vector sk of length NsLc at
time instant k as

sk =
[
s(1)T
k , . . . , s(Ns)T

k

]T

. (1)

The Ns chip streams are weighted by the NT × Ns-
dimensional precoding matrix

W =

⎡
⎣ w(1,1) · · · w(1,Ns)

...
. . .

...
w(NT,1) · · · w(NT,Ns)

⎤
⎦ (2)

that forms the data chip streams of the NT transmit antennas.
At each transmit antenna, pilot, synchronization, and control
channels accumulated in

pk =
[
p(1)T

k , . . . ,p(NT)T
k

]T

(3)

are added. Using the identity matrix ILc of dimension Lc × Lc,
the transmit signal vector ak of length NTLc at time instant k
is given by

ak = (W ⊗ ILc)sk + pk. (4)

The frequency-selective link between the ntth transmit
and the nrth receive antenna is modeled by the Lf × Lc-
dimensional band matrix

H(nr,nt) =

⎡
⎢⎣

h
(nr,nt)
0 · · · h

(nr,nt)
Lh−1 0

. . .
. . .

0 h
(nr,nt)
0 · · · h

(nr,nt)
Lh−1

⎤
⎥⎦ (5)

in which h
(nr,nt)
i (i = 0, . . . , Lh − 1) represent the channel

impulse response between the ntth transmit antenna and the
nrth receive antenna. The entire frequency-selective MIMO
channel is modeled by the following block matrix H, which
consists of NR × NT band matrices as defined in (5):

H =

⎡
⎣ H(1,1) · · · H(1,NT)

...
. . .

...
H(NR,1) · · · H(NR,NT)

⎤
⎦ . (6)

At the receiver input, the sum of noise and out-of-cell
interference, which is denoted by vk, deteriorates the desired
signal, i.e.,

bk = Hak + vk = H(W ⊗ ILc)sk + Hpk + vk. (7)

B. Receiver

At the receiver, we first perform synchronization and iterative
channel estimation (three iterations) according to [34]. The
interference of the deterministic signals, i.e., the pilot and the
synchronization channels (SCHs), is then canceled. Therefore,
in (7), the term Hpk is reduced by Ĥpk. The remaining
interference is only caused by the channel estimation error
H − Ĥ and the data channels [35]. Without this interference
cancelation, the postequalization signal-to-interference-plus-
noise ratio (SINR) would saturate at approximately 20 dB.
Thus, CQI values that require higher SINR cannot be selected,
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leading to a saturation of the throughput [36]–[38]. Alterna-
tively to interference cancelation, interference-aware equaliza-
tion is possible and was shown to achieve high performance
[39]–[41].

The receive signal after interference cancelation, defined as
bk − Ĥpk, is processed in an equalizer F to obtain an estimate
of the transmitted chip stream, i.e.,

ŝk =
[
ŝ
(1)
k−τ , . . . , ŝ

(Ns)
k−τ

]T

= F(bk − Ĥpk)

=FH(W ⊗ ILc)sk + F(H − Ĥ)pk︸ ︷︷ ︸
≈0

+Fvk. (8)

The equalizer matrix F consists of Ns vectors, each of length
NRLf , and is composed as

F =
[
f (1), . . . , f (Ns)

]T

. (9)

In this paper, we calculate the equalizer coefficients in the
minimum mean-square-error sense. Thus, for the equalizer of
the nsth data stream, we obtain

f (ns) =
(
H

(
WWH ⊗ ILc

)
HH + σ2

vINRLc

)−1

·H(W ⊗ ILc)eτ+(ns−1)Lc . (10)

The vector ek denotes a unit vector with a single “one” at
cursor position k and “zeros” at all other positions. The calcu-
lation of the equalizer coefficients can efficiently be implemen-
ted using fast Fourier transform (FFT)-based algorithms, e.g.,
[42] and [43], or the conjugated gradient algorithm [44].
Such an equalizer therefore represents a low-complexity
HSDPA receiver that is feasible for real-time implementation in
a chip [45]. The output of the equalizer is finally soft demapped
and soft decoded in a turbo decoder using eight iterations. For
completeness, we note that more complex MIMO receivers,
such as the linear minimum mean-square-error maximum
a posteriori (LMMSE-MAP), are known to show approximately
1 dB better performance than the straightforward LMMSE
equalizer [46].

C. Quantized Precoding

In the HSDPA standard [2], the precoding matrix defined
in Eq. (2) is strongly quantized and chosen from a prede-
fined codebook. For single-antenna transmissions, in which no
spatial precoding can obviously be performed, the precoding
matrix W is reduced to a scalar equal to “one,” i.e.,

W(SISO) = 1. (11)

For multiple-antenna transmissions, the precoding matrices
are composed of the scalars

w0 =
1√
2

(12)

w1, w2 ∈
{

1 + j
2

,
1 − j

2
,
−1 + j

2
,
−1 − j

2

}
. (13)

The transmit antenna array (TxAA) transmission mode uti-
lizes two antennas to transmit a single stream. In this mode, the

precoding matrix is defined as

W(TxAA) =
[

w0

w1

]
. (14)

This condition means that the signal at the first antenna is
always weighted by the same scalar constant w0, whereas the
signal at the second antenna is weighted by w1, which is chosen
to maximize the received postequalization SINR [35]. In TxAA,
the number of possible precoding matrices is equal to four,
which corresponds to a feedback amount of 2 bit.

In the case of a double-transmit-antenna array (D-TxAA)
transmission, the precoding matrix is given by

W(D−TxAA) =
[

w0 w0

w1 −w1

]
. (15)

Note that this precoding matrix is unitary, i.e., the precoding
vector of the second stream is always chosen orthogonal to that
of the first stream. Although D-TxAA defines four precoding
matrices, only the first two matrices cause different SINRs at
the receiver. In the other two cases, the SINRs of the first
and second streams are exchanged. Because the data rates of
both streams can individually be adjusted, the third and fourth
precoding matrices are redundant. Note also that, if the user
experiences low channel quality in D-TxAA, only a single
stream is transmitted, i.e., the precoding matrix in (14) is
applied to the data stream at the transmitter. Thus, in TxAA, a
single stream is always transmitted, whereas in D-TxAA, either
single- or double-stream transmission—whichever leads to a
higher throughput—is performed.

The HSDPA standard does not define spatial precoding for
four-transmit antennas. To explore the benefits of four-transmit
antennas in HSDPA, a very simple extension of the existing
precoding vectors is employed here. We define the precoding
matrix for double-stream four-transmit antenna transmission as

W(4Tx−D−TxAA) =

⎡
⎢⎣

w0 0
0 w0

w1 0
0 w2

⎤
⎥⎦ . (16)

In contrast to the two-antenna D-TxAA system, the four-
antenna D-TxAA system now transmits the two data streams
on individual antenna pairs. In addition, the precoding of both
streams is individually adjusted, allowing 16 possible precoding
matrices.

III. MEASUREMENT SETUP AND METHODOLOGY

We now report on our MIMO HSDPA measurement setup
in both alpine and urban scenarios.2 Furthermore, we explain
the feedback implementation and our averaging approach for
obtaining the mean scenario performance. The measurement
procedure utilizing our Vienna MIMO testbed [47] is explained
in detail in [48].

2For both measured scenarios, detailed transmitter and receiver posi-
tions can be downloaded for Google Earth at http://www.nt.tuwien.ac.at/
fileadmin/data/testbed/Vienna-and-Carinthia-TX-RX-GPS.kmz.
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Fig. 2. Setup of the testbed in the alpine and urban scenarios.

Fig. 3. Panoramic view of the alpine scenario measured (use PDF format to zoom).

Fig. 4. Panoramic view of the urban scenario measured (use PDF format to zoom).

A. Measurement Setup

Fig. 2 shows the basic measurement setup and important
system parameters. This setup was employed in the following
two scenarios.

• Alpine scenario. The XX-Pol base-station antenna
(Kathrein 800 10629 [49], 2 ×±45◦ polarization, hori-
zontal half-power beamwidth of 80◦, vertical half-power
beamwidth of 7.5◦, down tilt of 6◦, and 0.6 wavelength
spacing between the cross-polarized elements) was placed
at a distance of 5.7 km from the RX unit, which was lo-
cated inside a house in a village on the opposite side of the
Drau Valley, as shown in Fig. 3. The base-station antenna
was mounted in a height of approximately 3 m above the
ground, which corresponds to an effective height of ap-
proximately 300 m above the bottom of the Drau Valley.
At the RX unit, we utilized standard Linksys WiFi-router
rod antennas. The results presented in this paper were
obtained in a setup in the alpine scenario, in which the
receive antennas were placed indoors in non-line of sight
to the transmitter. This setup is characterized by a short
mean RMS delay spread of approximately 1 chip (260 ns)
and one major propagation path, because the receive signal

mainly propagates through a window that faces the trans-
mit antennas. In addition to this setup, we investigated RX
antenna positions in different rooms of the same house,
where the TX antennas can and cannot be seen from the
window. We also placed the RX unit outside, in the middle
of a field, and with direct line of sight to the transmitter.
In all the setups measured, the results obtained showed
no significant change, except for a variation in the aver-
age path loss that only horizontally shifts the throughput
curves measured.

• Urban scenario. The same base-station antenna as in the
alpine scenario was placed on the roof of a tall building
at the center of Vienna, Austria, at a distance of 430 m
from the RX unit, which was placed inside an office (see
Fig. 4). The base-station antenna was mounted in a height
of approximately 3 m above the roof of the building, which
corresponds to an effective height of approximately 45 m
above street level. At the RX unit, we utilized four low-
cost printed monopole antennas [50], which are based on
the generalized Koch prefractal curve. Due to their low
cost and small size, such antennas are very realistic and
can be built into a mobile handset or a laptop computer.
In all measurements carried out in the urban scenario, the
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Fig. 5. Polarization and spatial separation of the TX antenna elements.

direct path from the TX to the RX antennas was blocked
by the building in which the RX unit was located. This
scenario is characterized by a rather large mean RMS
delay spread of approximately 4.3 chips (1.1 μs).

In both scenarios, the TX antennas were placed adjacent to
existing base-station antennas, making the selected base-station
sites very realistic and representative of a mobile communi-
cation system. Note that no interference from the operational
base-station antennas occurred during the measurement, be-
cause we used a carrier frequency of 2.5 GHz, which is different
from the carrier frequencies of the mobile network providers
in Austria, which operate around 2 GHz. The close carrier
frequencies of the measurement and the mobile network ensure
nearly identical behavior without impacting each other. We
define the transmit power as the power measured at the output
of the antenna feeder cable, i.e., the transmit power given in the
figures in Section V is the power at the input of the Kathrein
base-station antennas. By defining the transmit power this way,
we compensate for the losses of the antenna feeder cables.

As aforementioned, the Kathrein 800 10629 base-station
antenna [49] utilized in both the alpine and the urban scenarios,
is a so-called XX-Pol antenna that consists of two antenna
pairs (A1, A2) and (A3, A4). These two antenna pairs are cross
polarized and spatially separated by 0.6 wavelengths (7 cm), as
shown in Fig. 5. In the case of transmissions that required two
transmitter outputs, one cross-polarized antenna pair (A1, A2)
or (A3, A4) was utilized. When four-transmitter outputs were
required, the first spatial data stream was transmitted with
precoding on one polarization (A1, A3) and the second spatial
data stream on the other polarization (A2, A4). In other words,
each data stream was transmitted on the two equally polarized
antennas, separated by 0.6 wavelengths: either (A1, A3) or
(A2, A4). Consequently, according to the definition of the pre-
coding matrix in Section II-C, the first two transmitter outputs
were connected to the first antenna pair (A1, A2), and the
second two transmitter outputs were connected to the second
antenna pair (A3, A4).

B. Feedback Implementation Based on Postequalization SINR

In HSDPA, the transmission is adapted to the current chan-
nel conditions. To obtain a realistic performance estimate, we
therefore also have to carry out channel adaptation during the
measurement. Based on the estimated channel coefficients and
the estimated noise variance, the HSDPA feedback can be
determined. This approach is accomplished by calculating the
postequalization SINR for all possible precoding matrices (for
both single- and double-stream transmissions, if applicable).
All postequalization SINRs are then mapped to CQI values that
correspond to transport block sizes that can be transmitted with

a block error ratio (BLER) of less than 10%. The PCI value
that corresponds to the precoding matrix that maximizes the
transport block size is selected. The selected PCI value and the
CQI value that corresponds to the maximized transport block
size are fed back to the base station. By calculating the feed-
back this way, dynamic switching between single- and double-
stream operations can be achieved, and the physical-layer data
throughput is maximized. Note that, for our measurement, this
feedback implementation implies that the single user in our
experiment is always served with its maximum supported data
rate. We therefore need to assume that the base station always
has data that waits for transmission to the user. More details
about the feedback calculation method, as well as analytical
expressions for the postequalization SINR, can be found in [35].

The feedback calculation method employed in the measure-
ments relies on an accurate estimation of the postequalization
SINR, which was obtained using the analytical expressions
in [35]. Thus, by comparing the estimated postequalization
SINR to the observed postequalization SINR at the demapper
output, we can verify our feedback calculation method. Such a
comparison is shown on the left side of Fig. 6 for a simulation
(ITU Pedestrian B channel model [51]) and on the right side of
Fig. 6 for a measurement (alpine scenario). In the simulation,
in which perfect channel knowledge is assumed at the receiver,
the postequalization SINR increases almost linearly with the
channel SNR. This result is in contrast to the measurement,
in which the channel has to be estimated. As a consequence,
the postequalization SINR saturates at higher channel SNRs.
Fig. 6 shows that the estimated SINR is almost the same as the
SINR observed at the demapper output, validating the feedback
calculation method employed in the measurement campaign.

C. Measuring a Single HSDPA Subframe

To measure a single HSDPA subframe, we employ a closed-
loop quasi-real-time testbed measurement approach, because
the hardware and experience required is readily available [47],
[48], [52], [53]. In short, this approach works as follows.

1) We create standard compliant transmit data blocks for all
combinations of possible modulations, coding rates, and
precoding matrices. These transmit data blocks are stored
on flash disk drives with very low latency and high data
transfer rate.

2) We read a single HSDPA transmit block from the flash
drives to transmit it over the wireless channel.

3) We instantly calculate only the feedback that is mandatory
for closed-loop HSDPA in MATLAB in approximately
40 ms (less than the channel coherence time).3

4) We send the feedback information to the transmitter using
a wireless local area network bridge.

5) We read the channel adapted (already pregenerated)
HSDPA transmit block from the flash drives to transmit
it over the same wireless channel and store the received
block on large hard disks.

6) We also transmit two possible retransmissions to store
the received blocks on large hard disks. Note that, at

3Therefore, our measurement approach only works in quasistatic scenarios.
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Fig. 6. Throughput and postequalization SINR: Simulation (Left), Measurement (Right) [35].

this stage, we still have not evaluated any received data
blocks. Therefore, we currently cannot tell if a retrans-
mission would be required, but still, we record it just in
case it is needed.

7) Finally, after the measurement is completed, we evaluate
the received data offline using a cluster of PCs. Results for
the scenario measured are automatically obtained using
the same program that has already controlled the com-
plete measurement procedure and documentation (see
[48] for a more detailed description).

D. Inferring Average Performance

The aim of this paper is to determine the throughput per-
formance of the physical-layer link between a single base
station and a single user. In reality, we are not interested in the
performance at a specific channel realization (corresponding
to fixed transmitter and receiver positions) but rather in the
average performance, which could be, for example, the average
performance that a user experiences when he randomly places
his laptop computer on an office desk. In our measurements, we
thus applied the averaging procedure explained as follows.

• We measure single HSDPA subframes (blocks) at differ-
ent channel realizations (110 for the alpine scenario and
484 for the urban one). These realizations are created by
moving the RX antennas with a fully automated XYΦ

positioning table, as shown in Fig. 3. To minimize large-
scale fading effects, we measure only within a small area
of 3λ × 3λ. The measured antenna positions are uniformly
distributed. By this systematic sampling approach, the
distance between all positions measured is maximized, and
their correlation is minimized.

• In the measurements, we observed a widely differing
average path loss between the individual TX and RX
antennas. This effect is shown in Fig. 7 in terms of
the measured SISO throughput of all 16 individual links
between the four TX antennas and the four RX antennas.
At a throughput of 6 Mbit/s, the difference between the
best and the worst SISO link is approximately 3.5 dB.
Such a difference is in contrast with many channel mod-
els, which usually assume symmetric channels, i.e., the
average performance of all SISO subchannels of a MIMO
system is equal. The difference in average path loss can
effectively be exploited by antenna selection algorithms,
as we have demonstrated in [54]. However, in this paper,
where the aim is to compare HSDPA schemes with differ-
ent numbers of TX antennas, such an effect has to be com-
pensated to obtain valid results. We achieve this aim by
performing throughput averaging over the corresponding
TX/RX antenna combinations. For example, if the 2 × 2
D-TxAA system is compared with the SISO transmission,
the SISO throughput is obtained by averaging over the
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Fig. 7. SISO throughput of the 16 SISO subchannels of the 4 × 4 MIMO
system in the alpine scenario (ID 2008-09-16).

four individual SISO links (TX1 → RX1, TX1 → RX2,
TX2 → RX1, and TX2 → RX2).

To gauge the precision of the measured throughput, we
utilize the BCa bootstrap algorithm [55] to calculate the con-
fidence intervals. In Fig. 8 in Section IV and Figs. 9–13 in
Section V, the dots represent the average throughput values
(rate values), the corresponding vertical lines represent the
95% confidence intervals, and the corresponding horizontal
lines represent the 2.5% and 97.5% percentiles. Note that the
RX antenna positions remained unchanged between measuring
different schemes at different transmit power levels.

IV. ACHIEVABLE MUTUAL INFORMATION

In this section, the so-called achievable mutual information4

is defined. It is used as a feasible performance bound for the
data throughput actually measured, given a specific standard
(in this case, HSDPA Release 7). The calculation of the bound
is based on the mutual information between transmit and re-
ceive signals. In particular, the achievable data throughput is a
function of the wireless channel (i.e., the estimated frequency
response and the noise variance) and the precoding vectors
allowed by the standard. Thus, it incorporates the restrictions
imposed by the transmission standard (quantized frequency-
flat precoding) but not the restrictions imposed by the receiver
employed.

For the calculation of the achievable mutual information,
consider the estimated channel impulse response of length Lh

4Note that, in previous publications, we have used the term achievable
throughput [1], [53], [56], but we are now convinced that the term achievable
mutual information is much more suitable.

Fig. 8. Rates of the SISO system in the urban scenario (ID 2008-12-12). (Left)
Channel capacity C, mutual information I , achievable mutual information Ia,
and measured throughput Dm. (Right) CSI loss LCSI, design loss Ld, and
implementation loss Li.

chips between the ntth TX and the nrth RX antennas, i.e.,

ĥ(nr,nt) =
[
ĥ

(nr,nt)
0 . . . ĥ

(nr,nt)
Lh−1

]T

. (17)

Note that the channel coefficients in this vector depend on the
RX antenna position and the transmit power, as do all the terms
defined as follows. The channel vector ĥ(nr,nt) can equivalently
be described in the frequency domain as ĝ(nr,nt) = F{ĥ(nr,nt)}
by using the NFFT-point Fourier transform F{.}. Thus, the
Fourier transform separates the frequency-selective channel
into NFFT frequency-flat channels. Using the notation (.)m to
extract the mth element of a vector, the estimated NR × NT

MIMO channel matrix of the mth (m = 1, . . . , NFFT) fre-
quency bin can then be written as

Ĝm =

⎡
⎢⎣

(
ĝ(1,1)

)
m

· · ·
(
ĝ(1,NT)

)
m

...
. . .

...(
ĝ(NR,1)

)
m

· · ·
(
ĝ(NR,NT)

)
m

⎤
⎥⎦ . (18)

By using the well-known expressions for the MIMO capacity
(for example, see [57] and [58]), we obtain the achievable
mutual information for the measured channel Ĝm as

Ia = max
W∈W

NFFT∑
m=1

fs

NFFT
log2 det

(
INR +

1
σ2

v

ĜmWWHĜH
m

)
.

(19)

Here, σ2
v is the variance of the noise vk, and fs = 3.84 MHz

is the equivalent rectangular bandwidth of the root raised cosine
(RRC) filtered HSDPA signal. The maximization in (19) is
performed over the set W of all possible precoding matrices.
A few remarks should be made about the definition of the
achievable mutual information as follows.

1) The channel coefficients in (19) are the channel coeffi-
cients of the data channel that is transmitted at a spe-
cific portion (in our case, −4 dB) of the base station’s
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TABLE I
MEASUREMENT PARAMETERS

total transmit power. The remaining power is required
for the transmission of the nondata channels, i.e., the
transmission of the pilot, control, and SCHs. By proper
scaling of the channel coefficients in (19), the inherent
loss in spectral efficiency caused by the transmission of
the nondata channels is automatically included in the
achievable mutual information.

2) Equation (19) represents neither the mutual information
(obtained without precoding) nor the channel capac-
ity (obtained by optimal water filling), because quan-
tized and frequency-flat precoding is utilized in HSDPA.
Therefore, we have introduced the new term achievable
mutual information for the symbol Ia.

3) Equation (19) only gives the achievable mutual informa-
tion for a specific channel realization at a specific RX
antenna position and at a given transmit power level. To
obtain the mean achievable mutual information, we per-
form averaging over all measured RX antenna positions.

4) To increase the accuracy of the estimated channel coef-
ficients in (19), we utilize the channel coefficients at the
largest transmit power to calculate the achievable mutual
information. At lower transmit powers, the different chan-
nel SNRs are obtained by scaling the channel coefficients
accordingly.

Alternatively to the achievable mutual information, the well-
known channel capacity C, requiring that full channel-state
information (CSI) is available at the transmitter side, and the
mutual information I , can be used as performance bounds.
For the case of a SISO transmission in the urban scenario,
Fig. 8 visualizes these three performance bounds, the measured
data throughput Dm, and the relations between them. In this
scenario, the channel capacity C, which could theoretically
be achieved if optimum water filling [59], [60] is employed
at the transmitter side, is slightly greater than the mutual
information I . In the case of SISO transmission, the achievable
mutual information is the same as the mutual information,
shifted by 4 dB in transmit power, because in our measurement,
the data channel high-speed physical-downlink shared channel
(HS-PDSCH) is transmitted at an offset of −4 dB against the
total transmit power (see Table I). Note that, for any other
choice of power offset, the achievable mutual information curve
would shift accordingly.

The right side of Fig. 8 shows three losses [61], which we
define as follows.

• For the CSI loss, we have

LCSI = C − I (20)

which refers to the difference between the channel capac-
ity C and the mutual information I . It accounts for a miss-
ing full CSI at the transmitter side. An ideal transmission
system without available CSI at the transmitter can only
achieve a rate equal to the mutual information. Compared
with the other two losses defined as follows, the CSI loss
is almost negligible, particularly at higher transmit powers
and, thus, higher SNRs [62].

• For the design loss, we have

Ld = I − Ia (21)

which refers to the difference between the mutual in-
formation I and the achievable mutual information Ia.
It accounts for inherent system design losses caused by,
for example, the necessary transmission of pilot symbols.
In the medium transmit power range of 10–20 dBm, the
design loss causes most of the overall system losses.

• For the implementation loss, we have

Li = Ia − Dm (22)

which refers to the difference between the achievable
mutual information Ia and the measured data throughput
Dm. It accounts for losses caused by nonoptimum re-
ceivers and channel codes. At higher transmit powers, the
implementation loss becomes dominant. A more detailed
discussion of the individual parts of the implementation
loss is provided in Section V-C.

V. MEASUREMENT RESULTS

In this section, the throughput measurement results (the solid
lines in Figs. 9–12) are presented and compared with the
achievable mutual information (the dashed lines in Figs. 9–12).
The most important HSDPA parameters are listed in Table I.
The Ec/Ior values indicate how much of the total transmit
power is allocated for the transmission of HS-PDSCH, the
common pilot channel (CPICH), the synchronization channel
(SCH), and the primary common control physical channel
(PCCPCH). Note that, in a real network, many more physical
channels would be transmitted by the base station than we
did in our experiments. For example, a base station needs to
transmit the paging indication channels to support UMTS voice
calls. Although we do not actually transmit these channels in
our experiment, we have to consider their portion of the total
transmit power to realistically assess the performance losses of
HSDPA (as done, for example, in Fig. 8). We reserve −3.6 dB
of the base station’s total transmit power for these channels in
our budget.

The user equipment category in Table I defines the maximum
supported data rate. In our experiment, in which we utilize
the CQI mapping table of a category-16 user equipment, the
maximum data rate in the single-stream mode is 12.779 Mbit/s,
and in the double-stream mode, the maximum data rate is
27.952 Mbit/s.

In the figures, all throughput curves are plotted over the
transmit power. Two additional abscissas show the average
(over all channel realizations and all antennas) received SISO
SNR and the average received SISO signal power. Note that
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Fig. 9. Throughput results of the standard compliant schemes in the alpine
scenario (ID 2008-09-16). Averaging was performed over 110 receiver
positions.

the average SNR over all RX antennas does not necessarily
reflect the typical SNR of an individual antenna, as explained
in Section III-D.

The reason that the throughput is plotted over transmit power
is given as follows. All MIMO schemes in HSDPA utilize
adaptive precoding, which effectively increases the received
power (and, thus, the SNR), whereas the total transmit power
remains the same as in the SISO transmission. If the throughput
is plotted over SNR rather than over transmit power, the curves
will be shifted against each other. For example, in the case of
TxAA, this shift would approximately be 2 dB compared with
SISO. The additional abscissas (average received SISO SNR
and average received SISO power) are thus only shown for
reference to indicate the approximate SNR and receive power
ranges.

A. Alpine Scenario

Fig. 9 shows the measured throughput and the achievable
mutual information of the 1 × 1 SISO, the 1 × 2 single-
input–multiple-output (SIMO), the 2 × 1 TxAA, the 2 × 2
TxAA, and the 2 × 2 D-TxAA transmission systems in the
alpine scenario. Although all these schemes are standardized,
to the authors’ knowledge, only the 1 × 1 SISO transmission is
currently used in HSDPA networks.

Several observations can be made with regard to Fig. 9.
• The measured throughput of the 2 × 1 TxAA system is sig-

nificantly (approximately 3 dB) better than the throughput
of the SISO system. The scalar precoding of the 2 × 1
TxAA system thus performs very well in this scenario,
with low delay spread.

• The 2 × 2 D-TxAA system also performs very well,
achieving more than twice the throughput of the SISO

Fig. 10. Throughput results of the advanced schemes in the alpine scenario
(ID 2008-09-16). Averaging was performed over 110 receiver positions.

system. Compared with the 2 × 2 TxAA system, D-TxAA
benefits from its optional second data stream, even at low
transmit powers of approximately 15 dBm.

• The achievable mutual information of the 2 × 1 TxAA
system is approximately 3 dB better than the SISO sys-
tem. This result is in accordance with the measured data
throughput curves, which also show a 3-dB performance
increase for the 2 × 1 TxAA system.

• The achievable mutual information of the 2 × 2 D-TxAA
system has a steeper slope than the 2 × 2 TxAA system.
This result is caused by the inclusion of the quantized pre-
coding matrices in the calculation of the achievable mutual
information (see Section IV). In the case of the 2 × 2
TxAA system, the multiplication of the channel matrix
with the precoding matrix effectively reduces the 2 × 2
system to a 1 × 2 system. In the case of the 2 × 2 D-TxAA
system, the precoding matrix is unitary, maintaining the
rank of the channel matrix. As a consequence of the higher
channel rank, the achievable mutual information curve of
the 2 × 2 D-TxAA system is steeper than the 2 × 2 TxAA
system.

The comparison between the measured throughput and the
achievable mutual information should be performed at a trans-
mit power of approximately 10–25 dBm or a throughput of
approximately 5 Mbit/s to avoid saturation effects of the mea-
sured throughput (because outside this range, neither smaller
nor larger CQI values are available for channel adaptation).
At large transmit power levels, when the single-stream trans-
mission modes saturate, such a comparison would be unfair,
because the throughput could easily be increased by providing
additional modulation and coding schemes. At a throughput of
5 Mbit/s, the measured SISO and 2 × 2 D-TxAA throughputs
lose approximately 7 and 6 dB, respectively, compared with
their corresponding achievable mutual information.
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Fig. 11. Throughput results of the standard compliant schemes in the ur-
ban scenario (ID 2009-01-15c). Averaging was performed over 484 receiver
positions.

Fig. 10 shows the throughput of the four-transmit-antenna
HSDPA schemes compared to the standard compliant 2 × 2
D-TxAA system in the alpine scenario. The following observa-
tions can be made.

• The measured throughput of the four-transmit-antenna
schemes is significantly increased. For the 4 × 4 system,
the measured throughput is approximately twice the 2 × 2
system. In terms of SNR, the 4 × 4 system gains approxi-
mately 6 dB compared with the 2 × 2 system.

• The theoretical maximum throughput of all four schemes,
as shown in Fig. 10, is 27.952 Mbit/s. However, the mea-
sured throughput saturates before reaching this maximum
value because of residual interference after the equaliza-
tion. In the four-receive-antenna schemes, the equalizer
can reduce the postequalization interference to a lower
level than in the two-receive-antenna schemes. Therefore,
the maximum measured data throughput of the four-
receive-antenna schemes is greater than the two-receive-
antenna schemes.

• A comparison of the achievable mutual information with
the measured throughput reveals losses of approximately
6–7 dB for the schemes in Fig. 10.

B. Urban Scenario

In Fig. 11, the results of the standard compliant schemes in
the urban scenario are shown. In contrast to the alpine scenario,
at low SNRs, the 2 × 1 TxAA system only performs marginally
better than the SISO system and is worse than SISO when the
SNR is large. A similar observation can be made when compar-
ing the throughput of the 2 × 2 TxAA system to the throughput
of the 1 × 2 SIMO system in Fig. 11. Thus, it is not favorable to

Fig. 12. Throughput results of the advanced schemes in the urban scenario
(ID 2008-12-12). Averaging was performed over 484 receiver positions.

apply the standard compliant precoding of HSDPA in the urban
scenario at high SNR. The reason for this surprising result is the
rather large maximum delay spread of approximately 20 chips,
which destroys the orthogonality of the spreading codes. As
a consequence, the channel estimator performance suffers,
because the pilots also experience high interference. In the
case of transmissions with precoding, the channel estimator
performance suffers even more, because the available pilot
power is divided among the TX antennas, whereas the total
data power, which acts as interference on the pilots, remains
the same. The throughput degradation measured is explained
by the fact that, at high SNR, the HSDPA performance mainly
depends on the channel estimator performance [35].

Comparing the measured data throughput with the achievable
mutual information yields approximately 9 dB loss in terms of
SNR for the SISO system, which is approximately 3 dB more
than the alpine scenario. As in the alpine scenario, the 2 × 2
D-TxAA system yields approximately twice the throughput of
the SISO system.

The results for the four-transmit-antenna schemes in the
urban scenario are plotted in Fig. 12. Here, the gains of the
four-transmit-antenna schemes are approximately the same as
in the alpine scenario. The 4 × 4 system outperforms the 2 × 2
system by slightly more than 6 dB in SNR or by more than a
factor of two in terms of throughput. Fig. 12 also shows that,
in the urban scenario, most of the throughput gains are due to
the four RX antennas. Four transmit antennas only yield small
throughput gains in this scenario.

C. Discussion of the Implementation Loss

Although the results of the previous sections show a sig-
nificant increase in the performance of the different MIMO
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Fig. 13. Throughput of the different MIMO schemes in the alpine and the
urban scenarios for transmit power PTX = 30 dBm.

schemes compared with the SISO transmission, all measured
throughput curves are approximately 6–9 dB worse than the
achievable mutual information. The following effects con-
tribute (perhaps together with other possible causes) to this loss.

• The rate-matched turbo code utilized in HSDPA is good
but not optimal. Our AWGN simulations show that, at
higher code rates, it loses up to 2 dB when decoded by
a max-log-MAP decoder (approximately 2 dB).

• The LMMSE equalizer that represents a low-complexity
and cost-effective solution is also not optimal. Better re-
ceivers such as the LMMSE-MAP have the potential to
improve the performance by approximately 1 dB [46].

• In the urban scenario, a larger throughput loss was mea-
sured than in the alpine scenario because of the larger
delay spread and, consequently, the larger intercode in-
terference. For example, in the alpine scenario, the SISO
system loses approximately 6 dB to the achievable mutual
information, whereas the loss in the urban scenario is
approximately 9 dB (3 dB additional loss in the urban
scenario compared to the alpine scenario).

• In addition to the aforementioned losses, channel esti-
mation errors and overestimation/underestimation of the
postequalization SINR degrade the measured throughput.
Exactly quantifying the loss caused by these effects is
difficult, because neither perfect CSI nor perfect post-
equalization SINR is available for measurement.

VI. CONCLUSION

MIMO HSDPA throughput measurement results obtained in
two extensive measurement campaigns have been presented in
this paper. The campaigns were carried out in an alpine valley
in Austria and in the inner city of Vienna, Austria. The scenarios
significantly differ in the delay spread of the channel. In both
scenarios, the use of multiple antennas considerably increases
the physical-layer throughput. The standard compliant 2 × 2

system increases the physical-layer throughput by more than
a factor of two compared with the SISO system, whereas the
4 × 4 system further increases the throughput by a factor of
two. Fig. 13 provides a comprehensive overview of the MIMO
gains in HSDPA. In contrast with many channel models, we
observe in the measurements a widely differing average path
loss for the individual SISO subchannels of the MIMO system.
We therefore had to apply throughput averaging to obtain a
meaningful comparison between the HSDPA schemes with
different numbers of antennas.

To compare the measured throughput to a performance
bound, the achievable mutual information is defined. This
achievable mutual information is calculated based on the mu-
tual information of the channel and the precoding employed
at the transmitter. Comparison of the measured throughput
and the achievable mutual information shows that the mea-
sured throughput is far from the optimal, losing between 6
and 9 dB in the SNR. This loss is caused by the channel
coding (approximately 2 dB), suboptimal LMMSE equalizer
(approximately 1 dB), intercode interference (3 dB additional
loss in the urban scenario compared to the alpine scenario),
channel estimation errors, feedback errors (caused by overes-
timation/underestimation of the postequalization SINR), and,
perhaps, other effects. Aside from this implementation loss, we
define a design loss (mutual information minus the achievable
mutual information) and a CSI loss (capacity minus mutual
information). We find that the CSI loss is almost negligible
throughout the SNR range. The design loss, however, is dom-
inant in the medium transmit power range, which corresponds
to a receive SNR of approximately 0 dB.
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