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ABSTRACT

Various publications have drawn a precise picture on
how correlation and capacity change when decreasing the
receive-antenna distance of a 2×2 MIMO transmission to
less than 0.1 λ; however, little is known on how today’s
commonly employed coding schemes actually perform
under such harsh conditions.

In this paper, we evaluate—by measurements with a
testbed—the uncoded BER over antenna distance perfor-
mance of: spatial multiplexing, a linear dispersion code,
the Golden Code, as well as Alamouti coding. We show,
that even at very small antenna distances, a significant gain
compared to an ordinary 1×2 SIMO transmission can be
measured.

I. MOTIVATION

MIMO has emerged as a key technology in modern
communication systems that pretend to achieve higher data
rates and/or reliability. The idea behind MIMO is to exploit
the presence of, in the optimum, independent multipath
fading. In reality, however, correlation between the different
propagation paths lowers the achievable link capacity. Small
transmit antenna spacings, as demanded by today’s ever
smaller devices, are one major cause of such undesired
interdependence.

To the authors’ knowledge, the influence of antenna
spacing on the BER over SNR performance of 2×2 space
time coding schemes has neither been studied theoretically
nor by measurements systematically. However, some results
exist that relate antenna spacing, correlation, and capacity.
This provides us with an expectation for the BER over SNR
performance of the radio link at small antenna distances.
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II. EXISTING RESEARCH

Utilizing 2-D shooting and bouncing ray-tracing, [1]
concludes for indoor scenarios a significant drop in capacity
for spacings smaller 5 λ. Also in [2] and [3], a significant
drop in capacity for spacings smaller than 4 λ is predicted
by using a multipath cluster channel fading model. Leading
to similar results, other theoretic papers like e.g. [4] and
[5] also ignore the fact that small inter-element antenna
spacing will cause mutual coupling. The same is true for
multiplexed channel sounding of MIMO channels using a
single transmit and receive antenna. Used for example in
[6] and [7], this simplification—often referred to as “virtual
antenna arrays”—also neglects the interaction between the
two transmit antennas. In [8], the angle of arrival is obtained
by true 4×4 MIMO channel sounding, which is then used
to calculate the power angle spectrum, and next the spatial
correlation as a function of antenna spacing.

Using a geometrically based statistical channel model,
special emphasis on mutual coupling is put in [9]. A curve
of capacity versus antenna distance with and without mutual
coupling is derived. Full capacity is reached at about 0.3 λ

and larger. Reference [10] accounts for mutual coupling
effects by full-wave electromagnetic antenna simulations
and leads to the same results. These results are explained
by the fact that coupling changes the antenna patterns
individually as the antennas are moved closely to each other.
Therefore, a decorrelating effect is observed. Also [11]
takes mutual coupling into account to theoretically show
that capacity is decreased substantially if the spacing gets
smaller than 0.5 λ.

There also exist channel sounding experiments where
four antennas have been actually placed (not just virtually)
in distances down to 0.2 λ [12–14]. The papers conclude
that capacity is near i.i.d. till 0.2 λ. They also explain
this by mutual coupling effects. In [15], the same results
are achieved by a completely different approach; namely,
MIMO systems were measured and characterized in a so-
called reverberation chamber that represents the isotropic
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Figure 1. Antennas and transmit signal used.

multipath environment. Compact antenna designs are pre-
sented in e.g. [16]. Summarizing, taking mutual coupling
into account, spacings of 0.2 to 0.5 λ should be sufficient
to reach nearly full capacity. But does this hold true for
a “real” 2×2 transmission and which code does actually
perform best?

III. THE EXPERIMENT

To investigate the BER over SNR performance of a
2×2 radio-link, we utilized our “Vienna MIMO Testbed”
[17, 18]. At a data rate of 400 kbits/s, we transmited QAM
modulated and RRC filtered data blocks from either one or
two transmit antennas to two receive antennas (see top of
Figure 1). After storing the received baseband data samples
on hard-disk drives, signal processing was carried out off-
line in MATLAB with floating point precision.

III-A. Transmitting Data & Training

The yellow blocks in Figure 1 indicate the six different
data blocks transmitted (numbered from I to VI). To make
the comparison fair

• each block incorporates exactly 64 bits of data,

• lasts for exactly 160 µs (=400 kbit/s),
• and is transmitted at the same total power (sum of the

power fed into both antennas).

The six blocks are coded the following

I: SIMO 1: 16 symbols, 16-QAM modulated, transmitted
on antenna 1.

II: Linear Dispersion code: 32 symbols, linearly dis-
persed in space and time according to the number
theory enhanced space time codes presented in [19]

III: Golden Code: 32 Golden coded symbols. The Golden
Code is a 2×2 full-rate, full-diversity, space-time code
with non-vanishing determinants [20, 21].

IV: Alamouti: 16 symbols, 16-QAM modulated and then
Alamouti space-time coded [22].

V: Spatial Multiplexing: 32 symbols, where 16 symbols
each are 4-QAM modulated to be transmitted indepen-
dently on antenna 1 and antenna 2, respectively [23].

VI: SIMO 2: Same as SIMO 1 in item I, but the signal is
transmitted on antenna 2 instead.

At the receiver, the incoming data samples were at
first synchronized by the use of the training sequences
(shown in gray in Figure 1). These 4-QAM modulated, 511
samples-long training sequences were afterwards also used
to estimate the channel almost perfectly. In addition, the
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position of the data blocks relative to the training was also
constantly permutated during the experiment. Finally, max-
imum likelihood symbol detection is required at the receiver
to achieve competitive performance. For the Alamouti code,
this ML receiver can be implemented using a matched filter
whereas for the LD Code and the Golden Code a sphere
decoder is required. This sphere decoder has to search over
a maximum number of 256 possible transmit symbol vectors
since four 4-QAM symbols are encoded in one block.

The SNR at the receiver (it has to be the same for all data
blocks) was estimated precisely by the use of “noise gaps” –
i.e. spaces between the data blocks in Figure 1 during which
nothing is transmitted so that only noise is still received.

III-B. Detecting Interference

When evaluating the BER over SNR performance of
a system one has to make sure that the measurement is
not disturbed by undesired third-party interference (e.g.
microwave ovens, wireless LAN, Bluetooth). Since such
interference is unavoidable, we detected it by the use of
noise gaps (see the spaces between the data blocks in
Figure 1). Finally, we discarded all destructed data blocks.

III-C. Averaging the Scenario

Each of the six data blocks is separately decoded at the
receiver (using the same channel estimate and synchroniza-
tion), leading to an estimated SNR and BER each.

We then repeat the whole transmission frame 14 times,
but attenuate the transmit signal by 0 dB, 2 dB, 4 dB,. . .
26 dB. This leads to a lower, by the attenuation factor
decreased, SNR at the receiver (see also Figure 1).

Next, the resulting 6×14 blocks are transmitted at 30 dif-
ferent antenna spacings (see also Figure 1). We mounted
the left of the two transmit antennas on a stepper motor
driven linear guide. The special shape of the ground-plane
rods of the λ/4-monopole antennas allows for moving the
antennas towards each other as closely as 0.02 λ without
touching.

The resulting 6×14×30 blocks are transmitted at 9×9
different xy-positions of the transmit table. This is
achieved by a stepper motor controlled linear positioning
unit moving the antenna arrangement. The area covered in
the measurement is a 3 λ×3 λ square. The positions were
distributed uniformly in this area.

Finally, the resulting 6×14×30×92 blocks are transmit-
ted at 9×9 different xy-positions of the receive table.
This is achieved by another stepper motor controlled linear
positioning table similar to the transmit table. In addition,

the receive antenna was also rotated between 0 and 360
degrees uniformly distributed.

All 6×14×30×92×92 ≈ 17 million blocks are subject
to averaging over all 92×92 transmit and receive table
positions. This leads to an average BER for each average
SNR, transmission scheme, and antenna distance.

III-D. Calculating the SNR Required for 1% BER

We finally interpolate the measured BER over SNR
results to obtain the SNR required for a BER of 1 %, for
transmission scheme, and antenna distance.

Figure 2. BER over SNR result for an antenna distance of 1.4 λ, same
scenario as Figure 3 left.

III-E. Time Required for the Experiment

The measurement of a scenario takes about 10 hours,
mainly because of the time needed to move the antennas.
Another 10 hours are needed to process the 600 GB of
baseband data samples received, in a cluster of 15 PCs by
MATLAB.

IV. RESULTS

In total, 21 different scenarios were measured, within a
timeframe of two weeks, in and between different floors
of an office building. Surprisingly, the measurement results
presented in the following did not change essentially be-
tween the different scenarios. We therefore only present
the results of two representative scenarios (Scenario 1 and
Scenario 2) to point out the key observations (see Figure 3):

• At not too closely spaced antennas (< 0.2 to 0.4 λ

depending on the scenario), the Golden Code out-
performed all the other transmission schemes, which
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Figure 3. Measurement results of two representative scenarios (different RX antennas used).

means that a smaller average SNR was required at the
receiver to obtain an average BER of 1 %.

• Only at very small antenna distances, the Golden code
was outperformed by the Alamouti code. Please note
that the curve of the Alamouti code is crossing the
other curves at antenna spacings lower than 0.4 λ.

• But even at not too closely spaced antennas (> 0.2 to
0.4 λ depending on the scenario), the Alamouti code
still performs nearly as good as the Golden Code or
the LD code.

• In all scenarios measured, the LD code and the Alam-
outi code showed about the same performance for
antenna distances larger 0.4 λ.

• Using two transmit antennas instead of a single one
always increased the performance significantly.

• If the black receive antennas used in the Scenario
2 were tilted slightly (to change the polarization),
the performance did not degrade anymore for small
antenna distances. In fact, with this tilt, the antennas
could not be placed closely enough anymore to observe

any performance decrease.
• Note, there is a huge difference, if the curves presented

in Figure 3 are plotted using “average transmit power
required for a BER of 1 %” instead of “average SNR
required at the receiver for a BER of 1 %”. Firstly
because mutual coupling effects and antenna mismatch
losses1 attenuate the transmitted signal especially at
very small antenna distances. Secondly, the average
receive power at antenna one and antenna two differed
by up to 4 dB, depending on the scenario.

V. CONCLUSION

We carried out a multitude of 2×2 MIMO measurements
in different non line-of-sight indoor scenarios. For these

1 For a fixed antenna distance, losses due to antenna mismatch can be
eliminated by correctly matching the antennas. For variable antenna
distances, this is not possible with reasonable effort.
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scenarios we evaluated e.g. “the average SNR at the re-
ceiver required for a BER of 1 %,” to compare a SIMO
transmission with different space time codes, namely: the
LD code, the Golden Code, the Alamouti code, as well as
Spatial Multiplexing.

It turned out that in comparison to the non optimal
Alamouti code, the LD code and the Golden Code did not
show a significant performance increase. For very small
antenna distances, they even performed worse — and this
at a substantially increased receiver complexity (e.g. sphere
decoding is required).

VI. ACKNOWLEDGMENT

The measurements reported here could not have been per-
formed without the prior design work of Robert Langwieser,
Klaus Doppelhammer, Christian Raschko, Peter Brunmayr,
and Arpad L. Scholtz.

REFERENCES

[1] J. Lv, Y. Lu, Y. Wang, H. Zhao, and C. Y. Han, “Antenna spacing
effect on indoor MIMO channel capacity,” in Proc. Asia-Pacific
Microwave Conference 2005, pp. 1–3, Dec. 2005. [Online]. Available:
http://ieeexplore.ieee.org/iel5/10688/33746/01606620.pdf

[2] Z. Guangze and S. Loyka, “Performance study of MIMO systems in a clustered
multipath channel,” in Proc. CCECE 2004, vol. 1, pp. 453–456, May 2004.
[Online]. Available: http://ieeexplore.ieee.org/iel5/9317/29618/01345053.pdf

[3] G. Zhao and S. Loyka, “Impact of multipath clustering on the performance of
MIMO systems,” in Proc. WCNC. 2004, pp. 765–770, March 2004. [Online].
Available: http://ieeexplore.ieee.org/iel5/9178/29115/01311283.pdf

[4] D.-S. Shiu, G. J. Foschini, M. Gans, and J. Kahn, “Fading correlation and its
effect on the capacity of multielement antenna systems,” IEEE Transactions
on Communications, vol. 48, no. 3, pp. 502–513, March 2000. [Online].
Available: http://ieeexplore.ieee.org/iel5/26/18093/00837052.pdf

[5] C.-N. Chuah, D. Tse, J. Kahn, and R. Valenzuela, “Capacity scaling in MIMO
wireless systems under correlated fading,” IEEE Transactions on Information
Theory, vol. 48, no. 3, pp. 637–650, March 2002. [Online]. Available:
http://ieeexplore.ieee.org/iel5/18/21246/00985982.pdf

[6] O. Fernandez, M. Domingo, and R. Torres, “Empirical analysis of the
correlation of MIMO channels in indoor scenarios at 2 GHz,” IEE Proceedings
in Communications, vol. 152, no. 1, pp. 82–88, Feb. 2004. [Online]. Available:
http://ieeexplore.ieee.org/iel5/2191/30554/01409307.pdf

[7] J. Medbo, F. Harrysson, H. Asplund, and J. Berger, “Measurements and
analysis of a MIMO macrocell outdoor-indoor scenario at 1947 MHz,” in
Proc. VTC Spring 2004, vol. 1, pp. 261–265, May 2004. [Online]. Available:
http://ieeexplore.ieee.org/iel5/9530/30201/01387954.pdf

[8] A. Intarapanich, P. Kafle, R. Davies, A. Sesay, and J. McRory, “Spatial
correlation measurements for broadband MIMO wireless channels,” in Proc.
VTC Fall 2004, vol. 1, pp. 52–56, Sept. 2004. [Online]. Available:
http://ieeexplore.ieee.org/iel5/9623/30410/01399919.pdf

[9] T. Svantesson and A. Ranheim, “Mutual coupling effects on
the capacity of multielement antenna systems,” in Proc. ICASSP
2001, vol. 4, pp. 2485–2488, May 2001. [Online]. Available:
http://ieeexplore.ieee.org/iel5/7486/20357/00940505.pdf

[10] J. Wallace and M. Jensen, “Mutual coupling in MIMO wireless systems:
a rigorous network theory analysis,” IEEE Transactions on Wireless
Communications, vol. 3 no. 4, pp. 1317–1325, July 2004. [Online]. Available:
http://ieeexplore.ieee.org/iel5/7693/29087/01310320.pdf

[11] B. Lindmark, “Capacity of a 2x2 MIMO antenna system with mutual
coupling losses,” in Proc. Antennas and Propagation Society International
Symposium 2004, vol. 2, pp. 1720–1723, June 2004. [Online]. Available:
http://ieeexplore.ieee.org/iel5/9253/29356/01330528.pdf

[12] V. Pohl, V. Jungnickel, T. Haustein, and C. Helmolt, “Antenna spacing in MIMO
indoor channels,” in Proc. VTC Spring 2002, vol. 2, pp. 749–753, May 2002.
[Online]. Available: http://ieeexplore.ieee.org/iel5/7859/21638/01002587.pdf

[13] V. Jungnickel, V. Pohl, and C. Helmolt, “Experiments on the
element spacing in multi-antenna systems,” in Proc. VTC Spring
2003, vol. 2, pp. 1124–1126, April 2003. [Online]. Available:
http://ieeexplore.ieee.org/iel5/8574/27185/01207802.pdf

[14] ——, “Capacity of MIMO systems with closely spaced antennas,” IEEE
Communications Letters, vol. 7, no. 8, pp. 361–363, Aug. 2003. [Online].
Available: http://ieeexplore.ieee.org/iel5/4234/27419/01220269.pdf

[15] K. R. P.-S. Kildal, “Correlation and capacity of MIMO systems and mutual
coupling, radiation efficiency, and diversity gain of their antennas: simulations
and measurements in a reverberation chamber,” IEEE Communications
Magazine, vol. 42, no. 12, pp. 104–112, Dec. 2004. [Online]. Available:
http://ieeexplore.ieee.org/iel5/35/29940/01367562.pdf

[16] D. W. Browne, M. Manteghi, M. P. Fitz, and Y. Rahmat-Samii, “Field Ex-
periments with Compact Antenna Arrays for MIMO Radio Communications,”
IEEE Journal on Antennas and Propagation, vol. 54, no. 11, pp. 3239–3250.

[17] S. Caban, C. Mehlführer, R. Langwieser, A. L. Scholtz, and
M. Rupp, “Vienna MIMO testbed,” EURASIP Journal on Applied
Signal Processing, vol. 2006, Article ID 54868, 2006. [Online]. Available:
http://publik.tuwien.ac.at/files/pub-et 10929.pdf

[18] S. Caban and M. Rupp, “Impact of transmit antenna spacing on 2x1 alamouti
radio transmission,” Electronics Letters, vol. 43, no. 4, pp. 198–199, Feb.
2007. [Online]. Available: http://publik.tuwien.ac.at/files/pub-et 12278.pdf

[19] M. Damen, A. Tewfik, and J. Belflore, “A constraction of a space-time
code based on number theory,” IEEE Transactions on Information Theory,
vol. 48, no. 3, no. 3, pp. 753–760, Mar. 2002. [Online]. Available:
ieeexplore.ieee.org/iel5/18/21246/00986032.pdf

[20] J.-C. Belfiore, G. Rekaya, and E. Viterbo, “The Golden Code: A 2×2 Full-Rate
Space-Time Code with Non-Vanishing Determinants,” IEEE Transactions on
Information Theory, vol. 51, no. 4, pp. 1432–1436, Apr. 2005. [Online].
Available: http://ieeexplore.ieee.org/iel5/9423/29909/01365347.pdf

[21] The Golden Code Homepage. [Online]. Available:
http://www1.tlc.polito.it/∼viterbo/perfect codes/Golden Code.html

[22] S. Alamouti, “A simple transmit diversity technique for wireless
communications,” IEEE Journal on Selected Areas in Communications,
vol. 16, issue 8, pp. 1451–1458, Oct. 1998. [Online]. Available:
http://ieeexplore.ieee.org/iel4/49/15739/00730453.pdf

[23] P. Wolniansky, G. Foschini, G. Golden, and R. Valenzuela, “V-
BLAST: an architecture for realizing very high data rates overthe
rich-scattering wireless channel,” in International Symposium on
Signals, Systems, pp. 295–300, Sep 1998. [Online]. Available:
http://ieeexplore.ieee.org/iel4/5942/15884/00738086.pdf

1315


