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Abstract—In this work, we report on results of MIMO High
Speed Downlink Packet Access (HSDPA) throughput measure-
ments. These measurements were carried out in an urban
scenario. Besides the standard compliant SISO and two transmit
antenna schemes, we defined and measured also a four antenna
scheme. In all throughput measurements we used link adaptation,
that is, adaptation of the channel coding rate and adaptive
precoding. The measured throughput is compared to a so-called
“achievable throughput” that is calculated based on the mutual
information of the channel measured.

I. INTRODUCTION

The High Speed Downlink Packet Access (HSDPA)
mode [1] was introduced in Release 5 of UMTS to provide
high data rates to mobile users. This is achieved by several
techniques [2] like fast link adaptation [3], fast hybrid au-
tomated repeat request [4], and fast scheduling. In contrast
to the pure transmit power adaptation performed in UMTS,
fast link adaptation in HSDPA adjusts the data rate and the
number of spreading codes depending on a so-called Channel
Quality Indicator (CQI) feedback. MIMO HSDPA [5], recently
standardized in Release 7 of UMTS, further increases the
maximum downlink data rate by spatially multiplexing two
independently coded and modulated data streams. Addition-
ally, channel-adaptive spatial precoding is implemented at the
basestation. The standard defines a set of precoding vectors of
which one is chosen based on a so-called Precoding Control
Indicator (PCI) feedback obtained from the user equipment.

In the past, a lot of research has been carried out to study
various aspects of (MIMO) HSDPA, see for example [3–
13] and the references therein. Among these studies, only a
small number do not rely entirely on simulations but also
deal with real world measurements [10–13]. None of them
compares the actual data throughput of a (MIMO) HSDPA
system with the mutual information and/or the capacity of
the wireless channel. Motivated by this fact, we performed
physical layer MIMO HSDPA throughput measurements. In
this paper, we present results that were obtained in an extensive
measurement campaign in the inner city of Vienna, Austria.
Here, the propagation conditions are non-line-of-sight with
a mean Root Mean Square (RMS) delay spread of 4.3 chips
(corresponding to about 1.1 µs). We compare our throughput
results to a so-called achievable throughput that is calculated
using the mutual information of the channel. Additionally
to the standardized 2×2 MIMO HSDPA system, we define
and measure also a four transmit antenna HSDPA system to

explore future enhancements of the standard.
The paper is organized as follows. In Section II, we provide

an introduction to MIMO HSDPA and explain the precoding
at the transmitter as well as the receiver processing. Section III
gives a short overview about our measurement setup. Results
are presented in Section IV. Finally, we conclude the paper in
Section V.

II. MIMO HSDPA

In this section, we describe the (MIMO) HSDPA physical
layer. In particular, we elaborate on the precoding at the
transmitter, the channel modeling, and the equalization at
the receiver. We restrict our analysis to slow fading; that is,
we assume that the channel remains approximately constant
during the transmission of one subframe (2 ms). A quasi-static
channel is also a necessary condition for our measurements
where we require a constant channel between the transmission
of the “channel sounding”-block and the channel-adapted
data block (see [14] for more details on our measurement
approach). Furthermore, we assume that only one user per
subframe is scheduled by the basestation.

A. System Model

Assume the transmission of Ns independently coded and
modulated data chip streams, each of length Lc = Lh +Lf−1
chips; Lh corresponds to the channel length and Lf to the
equalizer length. 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)

forming 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)
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are added. Using the Lc×Lc dimensional identity matrix ILc ,
the transmit signal vector ak of length NTLc is given by

ak = (W ⊗ ILc) sk + pk. (4)

The frequency selective link between the nt-th (nt = 1 . . . NT)
transmit and the nr-th (nr = 1 . . . NR) 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)

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

impulse response between the nt-th transmit and the nr-th
receive antenna. The entire frequency selective MIMO channel
is modeled by a block matrix H consisting of NR×NT band
matrices defined in (5)

H =

 H(1,1) . . . H(1,NT)

...
. . .

...
H(NR,1) . . . H(NR,NT)

 . (6)

At the receiver, the sum of noise and out-of-cell interference,
denoted by vk, deteriorates the desired signal

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

The signal bk is then processed in an equalizer F to obtain
an estimate of the transmitted chip stream

ŝk =
[
ŝ
(1)
k−τ , . . . , ŝ

(Ns)
k−τ

]T
= Fbk

= FH (W ⊗ ILc) sk + FHpk + Fvk. (8)

The equalizer matrix F =
[
f (1), . . . , f (Ns)

]T
consists of Ns

vectors f (ns), each of length NRLf .

B. Receiver

At the receiver, we first perform synchronization and it-
erative channel estimation according to [15]. After that, the
interference of the deterministic signals, that is, the pilot and
synchronization channels, is canceled. Therefore, in (8) the
term FHpk is reduced by FĤpk and only interference caused
by the channel estimation error

(
H− Ĥ

)
and the data chan-

nels remains. See [16] for a detailed post-equalization SINR
analysis of such a receiver. Without interference cancelation,
the post equalization SINR would saturate at about 20 dB,
preventing error-free reception of larger CQI values [17, 18].

The equalizer coefficients are calculated in the minimum
mean square error sense [19–21]. For the ns-th data stream
they are given as

f (ns) =
(
H
(
WWH ⊗ ILc

)
HH + σ2

vINRLc

)
·

·H (W ⊗ ILc) eτ+(ns−1)Lc . (9)

Here, em denotes a unit vector with a “one” at position m and
“zeros” at all other positions. Such equalizers are currently
used in HSDPA receivers because they can be implemented

efficiently using FFT-based algorithms like [22], or the conju-
gated gradient algorithm [23].

The output of the equalizer is soft-demapped and soft-
decoded in a Turbo decoder using eight iterations. For the
sake of completeness, we note that more complex MIMO
receivers, like for example the LMMSE-MAP, are known to
show about 1 dB better performance [24] than the standard
LMMSE equalizer.

C. Quantized Precoding

The precoding matrix defined in (2) is strongly quantized
and chosen from a predefined codebook in HSDPA sys-
tems [1]. For single antenna transmissions where obviously
no spatial precoding can be performed, the precoding matrix
W is reduced to a scalar equal to “one”, thus W(SISO) = 1.
For multiple antenna transmissions, the precoding matrices are
composed of the scalars

w0 =
1√
2

(10)

and

w1, w2 ∈
{

1 + j
2

,
1− j

2
,
−1 + j

2
,
−1− j

2

}
. (11)

The TxAA (Transmit Antenna Array) transmission mode uti-
lizes two antennas to transmit a single stream. In this mode,
the precoding matrix is defined as

W(TxAA) =
[
w0

w1

]
. (12)

This 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, chosen in order to
maximize the received post equalization SINR [16]. In TxAA,
the number of possible precoding matrices is equal to four,
corresponding to an amount of 2 bit feedback.

In case of D-TxAA (Double Transmit Antenna Array)
transmission, the precoding matrix is given by

W(D−TxAA) =
[
w0 w0

w1 −w1

]
. (13)

Note that this precoding matrix is a unitary matrix; that is,
the precoding vector of the second stream is always chosen
orthogonal to the one of the first stream. Although D-TxAA
defines four precoding matrices, only the first two of them
cause different SINRs at the receiver. In the other two cases,
the SINRs of the first and the second stream are exchanged.
Since the data rates of both streams can be individually
adjusted, the third and the fourth precoding matrices are
redundant.

The HSDPA standard does not define spatial precoding for
four transmit antennas. Here we want to explore the benefits of
four transmit antennas in HSDPA with a very simple extension
of the existing precoding scheme. We define the precoding
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TX antennaTX unit RX unitdistance = 430 m

Fig. 1. Panoramic view of the urban scenario measured (use PDF to zoom).

matrix for dual-stream four-antenna transmission as

W(4Tx−D−TxAA) =


w0 0
0 w0

w1 0
0 w2

 . (14)

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. Also, the precoding of both
streams is individually adjusted allowing 16 possible precod-
ing matrices.

III. MEASUREMENT SET-UP

In the following, we briefly report on our measurement
set-up in an urban scenario1. The measurement procedure is
described in detail in [14], a testbed description is provided
in [25].

The base-station antenna (Kathrein 800 10543 [26],
2×±45° polarization, half-power beam width 58°/6.2°, down
tilt 6°) was placed on the roof of a big building in the center of
Vienna,Austria, 430 m away from the RX unit that was placed
inside an office room, see Fig. 1. The base-station antenna
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 1.24 wavelengths
(15 cm). In case of transmissions which required two trans-
mitter outputs, only one cross-polarized antenna pair (A1, A2)
or (A3, A4) was utilized. When four transmitter outputs were
required, the first data stream was transmitted with precoding
on one polarization (A1, A3) and the second data stream on
the other polarization (A2, A4). That is, each data stream was
transmitted on the two, 1.24 wavelengths spatially separated,
equally polarized antennas, either (A1, A3) or (A2, A4). Con-
sequently, according to the definition of the precoding matrix
in (14), the first two transmitter outputs were connected to the
first antenna pair and the second two transmitter outputs to the
second antenna pair.

At the RX unit we utilized four low-cost printed monopole
antennas [27] which are based on the generalized Koch pre-
fractal curve (for a photograph and the arrangement of the
antennas see [28, Fig. 1]). Due to their low cost and small
size, such antennas are very realistic and could be built into
a mobile handset or a laptop computer. In all measurements
carried out, the direct path from the TX to the RX antennas

1Detailed transmitter and receiver positions can be downloaded
for Google Earth at http://www.nt.tuwien.ac.at/fileadmin/data/testbed/
Vienna-TX-RX-GPS.kmz.

was blocked by the building the RX unit was located in. The
channel in this scenario is characterized by a long mean RMS
delay spread of 4.3 chips (corresponding to about 1.1 µs).

IV. MEASUREMENT RESULTS

In this section, we present the throughput measurement
results (the solid lines in Fig. 2-3) and compare them to the
“achievable throughput” (the dashed lines in Fig. 2-3). The
achievable throughput is given by the channel capacity of a
system that employs quantized precoding at the transmitter.
A detailed definition of the achievable throughput is given
in [29]. For all measurements, a Category 16 user equipment
with a maximum throughput of 12.8 Mbit/s in single-stream
and 28 Mbit/s in dual-stream mode is assumed.

All throughput curves presented in this section are plotted
over total transmit power (measured at the inputs of the
transmit antennas). Two additional x-axes show the average
received SISO SNR and average received SISO signal power.
The average received SISO signal power is obtained by averag-
ing the received signal powers of all SISO transmissions, that
is, the transmissions from every individual transmit antenna
to every receive antenna. For a 4×4 MIMO system we thus
average 16 SISO signal powers.

The reason why we plot the throughput over transmit
power rather than SNR is the following: All MIMO schemes
in HSDPA utilize adaptive precoding at the transmitter that
effectively increases the received power and thus also the SNR
while the total transmit power is the same as in the SISO
transmission. If the throughput is plotted over SNR and not
over transmit power, the curves will be shifted against each
other. For example, in case of TxAA this shift would be about
2 dB compared to SISO. Therefore, all curves are plotted over
transmit power. The additional x-axes (average received SISO
SNR and average received SISO power) are only shown to
indicate the approximate SNR and receive power ranges.

The precision of the measurement results was estimated by
means of bootstrapping methods [30]. In all throughput graphs
(Fig. 2-3), the dots represent the inferred mean throughputs,
the vertical lines the corresponding 95% confidence interval,
and the horizontal lines the corresponding 2.5% and 97.5%
percentiles. Note that we did not change the RX antenna
positions between measuring different schemes at different
transmit power levels. This, on one hand, leads to smooth
curves. On the other hand, the relative positions of the curves
are far more accurate than the confidence intervals for the
absolute positions might suggest.
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Fig. 2. Throughput results of the standard compliant schemes in the urban
scenario (ID “2009-01-15c”). Averaging was performed over 484 receive
antenna positions. The solid lines represent the measured throughput, the
dashed lines the achievable throughput.

In Fig. 2, the results of the standard compliant schemes are
shown. At low SNR, the 2×1 TxAA system only performs
marginally better than the SISO system and worse than SISO
at large SNRs. The reason for this is the rather large maximum
delay spread of about 20 chips causing the precoding to be
far from optimal. Optimal precoding has to be frequency
depending (for example, water-filling solution). The large
delay spread also causes inter-code interference that can only
be partially removed by the MMSE equalizer.

The distance between the measured and the achievable
throughput is evaluated at a transmit power of about 10-
25 dBm to avoid saturation effects of the measured throughput.
In this range, the SISO system looses about 9 dB in terms
of SNR. Nevertheless, the 2×2 D-TxAA system yields about
twice the throughput of the SISO system.

Fig. 3 shows the throughput of the four-antenna HSDPA
schemes compared to the standard compliant 2×2 D-TxAA
system. For the 4×4 system we measure about twice to three
times the throughput of the 2×2 system. In terms of SNR, the
4×4 system gains about 9 dB over the 2×2 system. Comparing
the achievable throughput [29] to the measured throughput
reveals about 6 dB loss for the 2×2 system but only about
3 dB loss for the 4×4 system. Thus, the freedom of choosing
a precoding matrix effectively allows to reduce the distance
to the achievable throughput. It should be noted, though, that
if optimum precoding were performed at the transmitter, the
achievable throughput would be significantly larger.

Fig. 4 shows the measured throughput of all HSDPA
schemes for transmit powers of 20 dBm and 30 dBm. The 4×4
scheme outperforms the SISO scheme by more than a factor
of four and the 2×2 scheme by more than a factor of two.
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Fig. 3. Throughput results of the extended schemes in the urban scenario (ID
“2008-12-12”). Averaging was performed over 484 receive antenna positions.
The solid lines represent the measured throughput, the dashed lines the
achievable throughput.
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Thus, the extension of the existing MIMO HSDPA standard
by a 4×4 scheme is attractive.

A. Discussion of the Throughput Loss

Although the results of the previous section show a signif-
icant performance increase of the different MIMO schemes
when compared to the SISO transmission, a significant loss
compared to the achievable throughput is observed. Several
reasons cause this loss:
• The rate-matched Turbo code utilized in HSDPA is good

but not optimal. At higher code rates, it looses up to 2 dB
when decoded in a MAP decoder.
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• The LMMSE equalizer representing a low complexity and
cost-effective solution is also not optimal. Better receivers
like the LMMSE-MAP have the potential to improve the
performance by up to 1 dB [24].

• In case of MIMO transmission, the selection of a pre-
coding matrix maximizing the post-equalization SINR
decreases the loss to the achievable throughput.

V. CONCLUSIONS

MIMO HSDPA throughput measurement results obtained
in a realistic urban scenario are presented in this paper.
The campaign was carried out in the inner city of Vienna.
The results show a considerable increase in the physical
layer throughput when multiple antennas are employed at the
transmit and the receive side. The standard compliant 2×2
system increases the physical layer throughput by more than a
factor of two compared to the SISO system. The 4×4 system
introduced furthermore increases the throughput by another
factor of two. Comparing the measured to the achievable
throughput (calculated based on the mutual information of
the channel) shows that the measured throughput is far from
optimal, loosing about nine decibels in SNR in case of SISO
transmission but only three decibels in case of 4×4 MIMO
transmission.
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