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Abstract–Performance of space-time transmission depends on
the spatial characteristics of antennas and the propagation en-
vironment. In this paper, we evaluate bit error rate performance
of space-time block codes with two and four transmit anten-
nas using various antenna configurations and urban microcell
channel measurements. Our results indicate that, with realistic
dual-branch mobile handset antennas, it is possible to achieve
performance very close to that of the ideal Rayleigh iid case.
However, proximity of operator tissue (e.g. head) will degrade
the performance by several decibels. We also highlight the
trade-offs between directional and omni-directional antenna
patterns.

I. Introduction

A number of space-time transmission techniques have been
proposed to improve the spectral efficiency and reliability of
wireless links. Performance of such techniques is typically
evaluated using simple channel models, e.g. Rayleigh or Rice
probability models. While such models are useful in initial
system design and analytic studies, they are unable to capture
the combined effect of real-world radio channels and handset
antennas on system performance. In particular, antenna pat-
terns of real-world mobile handsets are not omnidirectional,
and angular power spectrum of the propagation environment
is typically not uniform over azimuth. As a result, directivity
and orientation of the antenna patterns play an important role
in defining system performance. Furthermore, with MIMO sys-
tems, two or more antennas with very small element spacing
have to be integrated in the handset, hence potentially increas-
ing spatial correlation between receiver branches. As an exam-
ple, consider the case of two receive antennas. With directional
patterns, the received signal level degrades when the antenna is
oriented in a direction where little signal power is arriving, see
‘dir2’ in Fig. 1. This may be mitigated by pointing the patterns
in different directions (‘dir1’ in Fig. 1). In this case, however,
it is likely that the two branches receive most of the time
different average powers, which, in turn, will degrade system
performance. Neither antenna orientation or receiver branch
power imbalance is an issue for omnidirectional patterns (‘iso’
in Fig. 1), but on the other hand spatial correlation may be
a problem if element spacing is small. More disturbingly,
such patterns are difficult to implement in a small mobile
handset, especially when operator tissue (e.g. hand or a head)
is close to the antenna. To summarize, the three main factors
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ding system performance, compared to e.g. Rayleigh iid
ation models, are: spatial correlation, channel coefficient
r imbalance, and antenna orientation. In this paper we
ine their effect on the bit error ratio (BER) performance
te-1 space-time block codes (STBC) for two and four

it antennas in a practical urban micro cell scenario.
r knowledge, the only measurement-based performance

ations of space-time codes are [1]–[3], which consider
r propagation for WLAN-type applications. This paper
guishes itself from the aforementioned ones in that,
sing a novel measurement-based antenna test bed, we
ine performance of space-time codes in an outdoor radio
el using 3D channel measurement and several different
of mobile terminal antennas. Using both idealized and

tic antenna configurations we illustrate the impact and
offs between different types of radiation patterns.

II. Measurements and data processing

Measurements

urements were conducted in downtown Helsinki at 2.1
carrier frequency. The transmitter had two dual-polarized
antennas (4 tx channels) with about 45 cm (3 wave-
s) element separation, see Fig. 1. The receiver was a 32-
nt spherical antenna with dual-polarized elements. The
er and the transmitter heights were 1.5 and 13 meters,

ctively. The height of the surrounding buildings was 15-
eters. This is a typical urban microcell scenario. The
urement system and the environment have been explained
re detail in [4]. The receiver moved in non-line-of-sight
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Fig. 2. Transmit antenna configurations. a) 4x2 QSTBC scheme with
two dual-polarized transmit antennas. b) The 2x2 Alamouti scheme
with one dual-polarized transmit antenna. See Section IV.

(NLOS) scenario 60 meters along a street perpendicular to
the line-of-sight street1 at 0.4 m/s speed. The time-variant
channel matrix was measured once every quarter wavelength’s
distance. The total number of channel instances recorded was
N = 1696.

II-B. Data Processing

II-B.1. Measurement-based antenna test bed (MEBAT)

The direction-of-arrival, amplitude, and polarization of the
plane waves impinging on the spherical receive array were es-
timated using the method presented in [5]. The post-processed
data were combined with the dual-polarized 3D radiation
patterns of the handset antennas described in Section III
using the measurement-based antenna test bed (MEBAT) [6].
The output of MEBAT is a complex-valued 4D array with
dimensions (nr, nt, N, L), where nr = 2 is the number of
receive antennas, nt = 4 is the number of transmit antennas,
N = 1696 is the number time instances, and L = 8 is the
number of different antenna “look directions” (45◦ azimuth
grid). All in all, NL = 13568 channel matrices were generated
for the BER evaluation. Note that for some of the antenna
patterns the effective number of samples is half of this due to
symmetry over 180◦ azimuth rotations.

II-B.2. Removal of large-scale fading

The raw measured channel matrices, and the output of MEBAT,
contain large-scale trends in signal power caused by shadowing
and path loss. For interpretable results, BER simulations have
to be run using a stationary sequence of matrices; hence the
large-scale power trends have to be removed from the channel
matrices. In this study we use wavelet-based regression for
trend removal. The signal is first binned into non-overlapping
bins of eight samples (2 wavelengths), and time average is
taken over each bin. From the resulting pre-smoothed signal
the large-scale power trend is estimated with wavelet denoising
using Donoho’s threshold [7]. This wavelet-based nonparamet-
ric regression method finds a smooth large-scale trend and
is also able to adapt to abrupt large changes in the non-
stationary signal. In computations, we used Matlab’s ‘wden’
function and 8th order symlet with 3rd level decomposition
[8]. The trend removal is done for the dB-scale signal. This
has the advantage that the multiplicative large-scale trend is
transformed into an additive one, which is easier to handle. In
other words, the detrending is performed on a signal of form

1From 50m point to the end of the route “Rout” in [4, Figs. 2a and
6a].
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F ), where n is a
te time index, and m(n) denotes a shadow fading process
). In fact, assuming Rayleigh iid channel matrix entries,
be shown that the pdf of the latter term converges to a

sian distribution as the number of transmit and/or receive
nas increases. Therefore, the latter term can be interpreted
ussian noise, which lends some further justification for
the detrending in the logarithmic domain.

. Normalization of channel matrices

eas trend removal “stationarizes” the signal power over
an additional normalization step is required to scale

verage power in order to apply correct SNR in BER
ations. There are several ways to normalize the channel
ces, and different normalizations will lead to different
s. Indices i, j, n, and l refer to rows, columns, matrix
s (time snapshots), and antenna look directions, respec-
(n = 1, . . . , N , l = 1, . . . , L). We denote the (i, j)th

x element with hij . and avex[·] denotes sample mean
index x. In this paper we have N = 1696 and L =
ree normalization methods, consisting of the following
l processing steps, are employed:

Remove large-scale signal power trends from the
sequence of channel coefficients {|hl

ij,n|}
N
n=1 and

normalize each coefficient to unit mean power:
aven[|hl

ij,n|
2] = 1. Repeat this normalization for

all i, j, l. The theoretical counterpart of this normal-
ization is E[|hij |

2] = 1, i.e., each channel matrix
element has unit average power over time.
Remove large-scale power trends from the sequence
of Frobenius norms {‖Hl

n‖F }N
n=1 and normalize

the matrix power to nrnt: aven[‖Hl
n‖

2

F ] = nrnt.
Repeat for all l. This corresponds to the theoretical
power normalization with E[‖Hn‖

2

F ] = nrnt. The
difference to method M1 is that individual entries of
H may have different average powers; this is called
the channel coefficient power imbalance. With this
overall power normalization, each antenna orienta-
tion, l, is normalized to the same power; hence in
BER simulations antenna orientation has no effect.
Remove large-scale trends (in dB) from the sequence
of summed squared Frobenius norms {Pn}

N
n=1,

where Pn = avel[‖H
l
n‖

2

F ]. Normalize the channel
matrices so that aven(Pn) = nrntL (L = 8). After
this normalization the average (over all antenna ori-
entations) matrix power is the same as with method
M2, but the power differences between different
antenna orientations are preserved.

e first method eliminates power imbalances between
el coefficients. The second leaves them unaffected but

nates imbalances in average power between different
na look directions, whereas the third method leaves also
unaffected and only removes a large-scale trend from the
ge power received over all directions. Comparing BER
s between normalizations M1 and M2 will be used to
ate the effect of channel coefficient power imbalance,
as comparing BER results between M2 and M3 will

l the effect of antenna orientation on the SNR. M3 is
ost realistic normalization and will be used to predict
performance under real-world conditions.



III. Antennas

In this study we use a total of five antenna patterns: three
synthetic patterns, and two realistic handset antenna patterns.
We assume that all antennas have ideal efficiencies. While this
is not a realistic assumption, it allows us to compare the effect
of antenna patterns on STBC performance independently from
implementation technology. In practice, due to various reasons,
antenna efficiency can be far from ideal.

III-A. Synthetic patterns

To illustrate the trade-offs between spatial correlation, branch
power imbalance, and antenna orientation we created the three
simple basic antenna configurations shown in Fig. 1.

• ‘iso’: The element patterns are isotropic. The gain of H
and V polarizations is 2−0.5. If element separation is
small, spatial correlation between branches will increase2.
The element separation is 0.3 wavelengths (5cm at 2.1
GHz).

• ‘dir1’: The patterns of the receiver branches are of form
[sin(θ) cos(φ)]n, where θ ∈ [0◦, 180◦] is the elevation
angle, φ ∈ [−90◦, 90◦] is the azimuth angle, and n =
1.57. The antenna gain is about 7 dB with a half power
beamwidth of about 100 degrees. The polarization is
vertical with ideal cross-polarization discrimination. As
the patterns of the branches point in opposite directions,
the spatial correlation is typically low. However, branch
power imbalance may be a problem, and antenna orien-
tation has a moderate effect on the received power.

• ‘dir2’: The element patterns are as with ‘dir1’, but branch
patterns point to the same direction. In real-world radio
propagation environments the signal power received by
this configuration is very sensitive to antenna orientation.
Spatial correlation may also be a problem for small d.

Mutual coupling effects are neglected with the synthetic
patterns.

III-B. A realistic handset-internal dual-branch antenna

We use the internal handset antenna ‘A3’ introduced in [10].
This state-of-the-art design is a realistic handset diversity
configuration that actually utilizes the handset chassis as a
radiating element to increase antenna bandwidth3. Simulated
free space field patterns, including the effect of mutual cou-
pling, are shown in Fig. 3. Note that although the physical
distance between the feeds of the diversity branches is only
0.07 wavelengths (at 2.1 GHz), their effective distance is
difficult to determine due to the fact that the entire combination
of the antenna and chassis functions as a radiating element.

The radiation pattern of ‘A3’ was also simulated with an
electromagnetic model of a human head placed next to the
antenna, see Fig. 4. We abbreviate this configuration as ‘A3h’.
The effect of the head is to increase the directivity of the
antenna patterns. (In practice, the antenna efficiency would
decrease also, although we neglect this effect.)

2In practice, for small d mutual coupling may result in a decrease
in spatial correlation since it desymmetrizes the branch patterns [9].

3The antenna element (such as a microstrip patch) functions as a
coupling element exciting the resonant wavemode of the chassis. For
example, at 1.8 GHz the amount of power radiated by the chassis
wavemode is typically in the order of one half, while at 900 MHz it
can be as high as 90% [11].
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IV. Space-time block code

se the quasi-orthogonal STBC (QSTBC) for four transmit
nas introduced in [12]. The code has rate-1 (one symbol
me epoch), good performance at low to medium SNR’s,
simple decoding algorithm, hence making it an attractive

date for concatenated coding systems, such as those under
deration for future releases of UMTS. We also compare
rformance to the Alamouti’s classic scheme with two
it antennas [13]. With the Alamouti scheme, vertically

horizontally polarized feeds (from the same physical
nt) of the transmit array were selected, see Fig. 2. QPSK
lation is used in all cases. Perfect channel estimation and
um-likelihood decoding are assumed at the receiver.

V. Results

implicity, in addition to antenna radiation efficiencies, we
eglect mean effective gains [14] (differences in average
ed powers) of the antenna configurations in the BER
ations in this section. In practice, both properties can



TABLE I
ENVELOPE CORRELATIONS FOR DIFFERENT ANTENNAS. MAX,

MIN, AND AVERAGE ARE TAKEN OVER ANTENNA ORIENTATIONS.

Ant. maxl(c
l) minl(c

l) avel(c
l)

iso 0.80 0.59 0.64
dir1 0.11 0.08 0.09
dir2 0.88 0.51 0.72
A3 0.60 0.20 0.49
A3h 0.60 0.32 0.47

have significant effect on the system performance. However,
in this paper, our goal is merely to illustrate the practical trade-
offs arising from shapes and mutual orientations of the antenna
patterns.

V-A. Spatial correlation (Table I)

When computing spatial correlation of small-scale fading it is
important to remove power trends from the signal [15]. The
correlation values were computed from channel matrices nor-
malized with method M1 using C

l = N−1
∑N

n=1
r

l
n(rl

n)H ,

where r
l
n = abs(vec(Hl

n)) − aven[abs(vec(Hl
n))]. Here

vec(·) denotes concatenation of matrix columns, abs(·) de-
notes elementwise absolute value, and the sample mean is
taken elementwise over time. To reduce the amount of data
we retain only the worst-case correlation coefficients, i.e., cl =
max(Cl), where the maximum is taken over all off-diagonal
elements of C

l. The maximum, minimum and average over
antenna orientations, l = 1 . . . , L, L = 8, i.e., maxl(c

l),
minl(c

l), avel(c
l), are reported in Table I.

From Table I we note that the directional patterns pointing
in opposite directions (’dir1’) have low correlation due to
non-overlapping element patterns between the branches. In
contrast, pointing the patterns to the same direction (‘dir2’)
increases spatial correlation considerably. The branch patterns
of both A3 and A3h overlap partly, which can be seen as an
increase in the envelope correlation coefficient, although the
worst-case correlation coefficient of 0.6 is still reasonably low
from diversity performance point of view. For other patterns
the correlation is fairly low. Low spatial correlation for closely
spaced antennas has also been noticed in other studies, see e.g.
[16].

V-B. Power imbalance (Table II, Fig. 5)

The transmit antennas have very similar patterns pointing
in the same direction. Hence, imbalances in average powers
between channel matrix coefficients are mostly due to the
receiver branches. We denote

δ
l =

P l
max

P l
min

,

where P l
max and P l

min are average powers of the stronger
and weaker receiver branch, respectively, evaluated over the
measurement route for a fixed orientation l. From Table II
we can see that ‘dir1’ has the most severe power imbalance
properties, as is to be expected. In turn, ‘iso’, ‘dir2’, ‘A3h’
have no or very small imbalance, since their receive branches
have directionally overlapping antenna patterns. To illustrate
the effect of power imbalance on BER performance of the
4x2 QSTBC, we show in Fig. 5 results for normalizations M1
and M2 for pattern ‘dir1’. When large-scale power trends are
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TABLE II
R IMBALANCES BETWEEN RECEIVER BRANCHES. MAX, MIN,

ND AVERAGE ARE TAKEN OVER ANTENNA ORIENTATIONS.

Ant. maxl(δ
l) minl(δ

l) avel(δ
l)

iso 0.10 dB 0 dB 0.07 dB
dir1 11.5 dB 1.14 dB 9.50 dB
dir2 0.52 dB 0 dB 0.17 dB
A3 4.57 dB 0.66 dB 2.44 dB
A3h 1.84 dB 0.21 dB 0.78 dB
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Fig. 5. Effect of power imbalances.

ved separately from each matrix coefficient and average
r of each coefficient is normalized to unity (method M1),
ER curve is practically on top of the theoretical Rayleigh
rve. This is in agreement with Table I, since correlation
ractically no effect on the performance of ‘dir1’. With
alization M2 the performance degrades about 1.2 dB at

10−4, which is, however, not very severe. With other
ns (not shown) the effect of power imbalance is very
. Of course, the power imbalance will depend heavily
e directional power spectrum. More measurement routes
d be evaluated to make reliable conclusions. Nevertheless,

be said that, with directional non-overlapping patterns,
r imbalances play a much bigger role than spatial corre-
.

Antenna orientation (Fig. 6)

illustrates the effect of antenna orientation on the BER
rmance. Applying normalization method M2, antenna
tation has no effect on the mean received power, whereas
method M3 the power differences are retained. With
ional patterns (‘dir1’, ‘dir2’, ‘A3h’) the BER increases
atically, since the angular power spectrum over the route

uniform, and consequently the SNR depends heavily on
tenna orientation. The isotropic pattern are robust against

na orientation. Interestingly, A3 degrades only about 1

Comparison of 4Tx and 2Tx schemes (Fig. 7)

g. 7, we show the BER performance for A3 and A3h,
represent realistic dual-branch handset antennas. Nor-

ation method M3 is used. In free space conditions (‘A3’),
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Fig. 7. BER curves for A3 and A3h, 4x2 and 2x2 schemes.

the degradation compared to the Rayleigh iid channel is 1
dB or less. The gain from upgrading from 2x2 to 4x2 is
about 2 dB (at BER=10−3). The results suggest that, in free
space conditions, it is possible to achieve performance very
close to that of Rayleigh iid channels, even with realistic
handset antennas. Proximity of user’s head degrades receiver
performance more than 4 dB due to increased directivity and
sensitivity to antenna orientation. In practice, this degradation
would, in fact, be even larger because of reduced radiation
efficiency.

VI. Conclusions

We have studied the effect of antenna patterns on space-
time code performance using NLOS urban microcell channel
measurements. With directional patterns, antenna orientation
has a severe impact. Matrix coefficient power imbalances and
spatial correlation were found to have only a minor effect on
the BER, even for closely spaced antennas. A simple rule of
thumb appears to be that handset antenna patterns should be
designed, whenever possible, to be ‘quasi-omnidirectional’. By
‘quasi’, we mean that the patterns should not overlap fully,
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h power imbalances small. For robust operation, it is
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