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Abstract—The impact of transmit-antenna spacing and signal-to-noise-
ratio on channel capacity has been measured intensively in a variety of
scenarios. When looking at the physical layer throughput of a multi-
antenna communication system, the behavior over antenna spacing may
look completely different, leading to other conclusions regarding the
optimal antenna distance.

In this paper, we compare —by testbed measurements— the closed-
loop throughput of a standard compliant 2×2 IEEE 802.16-2004 WiMAX
radio link with the unconstrained capacity and the mutual information
of the channel. Results are presented for base-station antenna spac-
ings of 0 wavelengths (cross polarization) as well as spacings between
0.6 wavelengths and 7.7 wavelengths (equal polarization).

I. INTRODUCTION

A. On Antenna Spacing

The effects of antenna spacing at the transmitter site and the receiver
site have been studied for a long time. First measurement campaigns
carried out in outdoor scenarios date from the seventies [1, 2]. In
these measurements, the correlation coefficient of the incoming
signals with respect to antenna spacing has been investigated. More
recent measurements investigated this effect in indoor-only scenarios
[3–5], in outdoor-to-indoor scenarios [6], and in outdoor-only sce-
narios [7, 8].

The impact of antenna spacing on channel capacity has been
measured in a variety of scenarios and conditions, including indoor
scenarios [4, 9], outdoor scenarios [9–11], reverberation chambers
[12], and using virtual antenna arrays [13]. These measurement
results were complemented with ray tracing techniques [14, 15] and
theoretical analyses, as e.g. [16–19] and the references therein.

The influence of antenna spacing on the bit error ratio (BER) was
also theoretically investigated [20, 21], measured indoors [22, 23],
and measured outdoors [24, 25].

Recently, the influence of antenna spacing on the throughput of
an OFDM transmission was studied in [26] by using sounded channel
coefficients in a simulation. Similarly, [27] investigates the through-
put difference between equally and cross polarized TX antennas.
Notably, except [24, 26], all above cited references do not employ
base-station antennas similar to the ones currently in use in mobile
cellular networks. Furthermore, except [26], none of the references
found relates TX antenna spacing to the physical layer throughput of
a standard compliant multi-antenna mobile communication system
(as e.g. 2×2 MIMO WiMAX in our case, that is, WiMAX with two
transmit and two receive antennas).

B. On Closed-loop IEEE 802.16-2004 WiMAX

The potential performance of WiMAX has been evaluated in
a multitude of simulations, for example [28–37]. In contrast
to [28–36], only [37] presents the results in terms of throughput
for a system with link adaptation, but limited to the SISO case.

Additionally to simulations, a few testbed measurements and field
trials have been carried out [38–47]. The results of such field trials
are usually throughput values for a specific receive signal strength.
No comparisons of actually measured data throughput values with
appropriate theoretical bounds could be found in the literature (except
results published by us showing the throughput of MIMO WiMAX
over transmit power [45, 47, 48]).

II. MEASUREMENT METHODOLOGY

Figure 1 shows an abstract model which can be used to simulate the
average throughput performance of a radio transmission in Matlab:
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Fig. 1. Throughput simulation: simulating a sample in Matlab.

A Monte Carlo simulation could work as follows:
1) Complex-valued baseband data is created from random symbols

in the block named “TX”. Next, this data is sent through a random
channel realization disrupted by random, usually Gaussian, noise.
Finally, the resulting baseband data is decoded in the block named
“RX” to calculate the throughput of one transmitted block.

2) The above transmission is repeated to infer the mean throughput
and the corresponding level of uncertainty.

3) The above procedure is repeated to receive a set of mean through-
puts over the factors of interest (e.g. different TX power levels
and TX antenna spacings).

4) The above procedure is repeated for different transmission
schemes and antenna configurations.

Measuring the performance of a mobile communication system can
be carried out in a very similar way by “simply” replacing the
channel with some real hardware (in our case, the Vienna MIMO
Testbed [22, 45, 48–50]), transmitting the data in a realistic scenario
over a wireless channel and altering the channel by moving the RX
antennas:
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Fig. 2. Throughput measurement: measuring a sample using the Vienna
MIMO Testbed and the same Matlab code as in the simulation.
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In contrast to simulations, one has to carefully note that the following
differences arise:
• The receiver cannot have genie driven knowledge of the channel.

Therefore, the receiver has to estimate the channel.
In the example below we employ approximate linear minimum
mean squared error estimation [51].

• Synchronization has to be carried out by means of external
synchronization (e.g. by using GPS and rubidium frequency stan-
dards) or by means of synchronization algorithms (e.g. [46]).
In the example below we employ external synchronization.

• The channel cannot be controlled as it can be in simulations.
Especially, it is impossible to hold the channel constant over a
given period of time or even to switch it back to a previous state.
In the example below we create different channel realizations by
moving the receive antennas within an area of 3λ×3λ. Unfortu-
nately, we have to deal with spatial data where the observations are
correlated due to their positions in space. Simply speaking, sam-
pling at spacings below 0.2 wavelengths (2.4 cm) ceases to work
efficiently because it just repeats the same values. For this case
of autocorrelated populations experiencing negative exponential
correlation functions (see Figure 3 for a spatial correlogram of the
throughputs measured) the literature suggests the use of systematic
sampling, that is, sampling a grid of fixed size, thus minimizing
correlation [52, p. 180].
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Fig. 3. To visualize the spatial correlation we systematically sampled an
area of 3×3 wavelengths to obtain 7 360 throughput observations to calculate
a spatial throughput correlogram (see [53] on how it is constructed). Note
that for spacings larger than a quarter of a wavelength, the throughputs turn
out to be uncorrelated (autocorrelation < 0.2).

• Measurement speed is limited due to the fact that a measurement
cannot be parallelized on lots of computers, and it is not possible
to transmit faster than the actual transmission. Furthermore,
changing the TX power (by using a programmable attenuator) or
changing the RX antenna position (by using linear guides) takes
a considerable amount of time. As a result, a thorough statistical
design and analysis, especially regarding the required sample size,
is needed.
In the example below we measured a sample of 324 throughput
values, which resulted in a 99% confidence interval size of less
than 3% of the throughput values shown in the right-hand side
of Figure 9. Measuring four times faster would have halved the
precision of the results.

• The real-time feedback cannot be carried out as there is neither
a feedback channel in Figure 2 nor a receiver implemented in
hardware to calculate the feedback fast enough.

In the example below we transmit 802.16-2004 WiMAX. In this
standard, only seven possible feedback values exist, and therefore
only seven possible transmit blocks. As shown in the right-hand
side of Figure 4, instead of applying real feedback, we simply
transmit all possible blocks —one after each other— without
calculating any feedback information (the blocks to be transmitted
are pre-generated and then transferred to real-time capable FIFOs
prior to the actual transmission). As an advantage of this method,
we can later on still try different methods for calculating the
feedback and their impact on the throughput. In addition, we can
also evaluate all possible combinations of one, two, three, and four
receive antennas later on off-line from the same set of recorded
data. The same holds true for e.g. trying different receiver types.
Note that this method requires the channel to stay constant during
the transmission of the seven data blocks (26 ms). Later, off-line
tests showed that this is the case; that is, no significant impact on
the average throughput caused by non quasi static channels could
be observed.
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first block to TX FIFO

11 150

block 1 block 7

t
[ms]

RX requests transmision

19 37

Fig. 4. Realizing the feedback required by transmitting all possible blocks
within the channel coherence time and deciding later off-line which block to
choose.

III. EXPERIMENTAL SET-UP

The goal of the experimental set-up described below is to examine
the mean impact of base-station antenna spacing and polarization on
the physical layer throughput of a IEEE 802.16-2004 2×2 MIMO
WiMAX transmission in a specific small scale fading scenario:

1) Closed-loop testbed measurements
We use closed-loop quasi-realtime testbed measurements as the
hardware and experience required is readily available [22, 45, 48–
50]. In our measurement approach, all possible transmit data
is first generated off-line in MATLAB. Next, all this data is
transmitted in real-time over a wireless channel which is altered
by moving the receive antennas. The received data is not evaluated
in real-time, but off-line using a cluster of PCs. Results for
the scenario measured are automatically obtained using the same
program that has already controlled the complete measurement
procedure and documentation.
A different approach would be to use a (more expensive) channel
sounder in the same measurement set-up. One then has to use the
extracted channel coefficients in a simulation that should lead to
the same results as presented in this paper.

2) An urban outdoor environment – the channel
We investigate a realistic non-line-of-sight scenario in the inner
city of Vienna, Austria (see Figure 5). The TX antennas are
placed on the roof of a tall building right adjacent to existing
base-station antennas of other operators (see Figure 6), making
the measurement results obtained very realistic and representative
for a mobile communication system. The RX antennas are placed
in a small office, approximately 190 m away (see Figure 7). The
estimated root mean square delay spread for this rich scattering
non-line-of-sight scenario is 0.5 µs.

Copyright 2010 IEEE, in Proc. I2MTC. 2010, May 2010, Austin, TX



190 m

TX

RX

Fig. 5. Scenario overview [54].

3) A “two-element” flat panel antenna at the base-station
At the base-station, we employ two KATHREIN 800 10629 [55]
2X-pol panel antennas with a half-power beam width of 80◦/7.5◦

and a total down tilt of 16◦ (= 10◦ mechanical + 6◦ electrical).
Each 2X-pol antenna consist of two cross polarized antennas
spaced by 0.6 λ (λ=12 cm, the wavelength at 2.5 GHz). Only two
of the eight possible elements are excited at the same time to
obtain a two-element base-station antenna with a variable element
spacing from 0.6 λ to 7.7 λ for equal polarization, and 0 λ for cross
polarization. Using two ordinary X-pol antennas instead of two
2X-pol antennas would have only allowed us to measure down
to an element spacing of 1.3 λ (then the two antennas touch each
other), rather than 0.6 λ.
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Fig. 6. A “two-element base-station antenna” consisting of a moveable 2X-
pol antenna (left-hand) and a fixed 2X-pol antenna (right-hand). In total, only
two antenna elements are excited at the same time.

4) Two printed monopole antennas at the mobile phone
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Fig. 7. The receiver employing two (1,2) moveable (x,y) and rotatable (Φ)
printed monopole antennas. The other two printed monopole antennas shown
are not used.

At the receiver site, we utilize two realistic printed monopole
antennas [56] that can be integrated into a mobile handset or a
laptop computer. We employ differently polarized antennas to

obtain robust and close to reality measurement results. As shown
in Figure 7, we measure different receive antenna positions (x,y)
in an area of 3 λ×3 λ to average over small scale fading and to
avoid large scale fading effects. Because the antennas point into
different directions, they experience a different average path loss.
This effect is averaged out by rotating the antennas (Φ) during
the measurement.

5) A standard-compliant IEEE 802.16-2004 2×2 MIMO WiMAX
transmission
We transmit standard compliant IEEE 802.16-2004 WiMAX data
frames [57, Section 8.3] (including the pilot structure). By em-
ploying Alamouti space-time coding [58], 2×2 WiMAX utilizes
two transmit antennas that are either equally polarized (2×2-//) or
cross polarized (2×2-X) in the measurements. As a reference, a
1×2 SIMO mode is measured. The two 2×2 MIMO transmissions
and the 1×2 SIMO (1×2) transmission (three modes in total) are
carried out using Convolutional Turbo Coding. This coding is
specified as an optional channel coding scheme in 802.16-2004
WiMAX [57, Section 8.3.3.2.3] and significantly outperforms the
mandatory Reed-Solomon convolutional coding [48].

IV. THINGS THAT REQUIRE SPECIAL ATTENTION

A. Different polarizations experience a different average path loss:

When comparing the throughput of a “2×2-//-polarized transmission
between 0.6 λ and 7.7 λ” with an “2×2-X-polarized transmission
at 0 λ” as shown in Figure 6, the main problem is that these
transmissions use different antenna elements, thus experiencing a
greatly different (up to 4 dB) average path loss and thus also a
different throughput (see Figure 8). This problem can be overcome
by averaging the throughput measured at different antenna elements,
as shown in the bottom of Figure 9. In other words, to measure,
for example, the throughput of the 2×2-// mode, we average two
measurements, one exciting both /-elements, the other one exciting
both \-elements. A similar procedure is used when measuring at
0.6 λ.
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Fig. 8. When measuring it turns out that (A.) the average throughput is
significantly different for distinct polarizations, and (B.) that the 1×2 SIMO
and 2×2 MIMO throughputs are correlated over antenna spacing.
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B. The 1×2 SIMO throughput changes over TX antenna spacing but
should stay constant:

In an experiment (see Figure 8) measuring 12 different antenna
spacings, we concluded that the 2×2 (=MIMO) and 1×2 (=SIMO)
throughput values are correlated (correlation coefficient 99%-
confidence-interval=[0.87, 0.98], linear regression coefficient
99%-confidence-interval=[0.79, 1.24]) whilst the 1×2 throughputs
should not change over antenna spacing (as there is only one
transmit antenna) but do change over antenna spacing because the
antenna position is different. The basic idea now is to define the
SIMO throughputs to be constant over TX antenna spacing (=
the concomitant observations) and use the correlation between the
SIMO and the MIMO throughputs to enhance the precision of the
measured MIMO throughputs over transmit antenna spacing. See
Item 6) in the next section.

C. TX antenna spacing and the position of the left-hand TX antenna
are confounded (as the position of the right-hand antenna is kept
constant):

One drawback of the described measurement method is that we are
not able to differ if the change in throughput over antenna spacing is
actually caused by a change in antenna spacing, if it is caused by a
change of the position of the left-hand antenna, or if it is caused by
both. In future measurements, we plan to avoid this type 1 error by
randomizing both, the left-hand and the right-hand antenna positions.
We believe that such a randomization would make the curves over
antenna spacing more precise while not changing the conclusions of
this paper.

V. INFERRING THE MEAN SCENARIO THROUGHPUT

We use well known statistical techniques explained in e.g. [59–61]
to infer the mean throughput performance of the urban scenario as
described below (the technical terms are given in italics in brackets):

1) We measure the three WiMAX modes to be compared (group-
ing, comparison) in random order (randomization) immediately
after each other over the same channels (blocking) equally often
(balancing).

2) We measure all above at 11 different transmit power levels ( the
left-hand abscissa in Figure 9) (one-factor-at-a-time experiment).

3) We measure all above at 4 different transmit antenna spacings as
shown in Figure 6 ( the right-hand abscissa in Figure 9) (11×4
full factorial design).

4) We measure all above at 324 different receive antenna positions
as shown in Figure 7 (systematic sampling).

5) We evaluate all measured throughput values off-line and average
them (best estimator for the mean having no other knowledge,
plug-in principle) over the RX antenna positions to obtain the
mean scenario throughput (the ordinates in Figure 9).

6) We use the correlation between the 2×2 throughput values and the
1×2 throughput values (concomitant observations that we define
to be constant over antenna spacing) to enhance the precision of
the 2×2 results measured over antenna spacing (see Figure 8).

7) We extract the channel coefficients from the measurements to
calculate
- the unconstrained channel capacity assuming Gaussian input

signals and full channel knowledge at the TX (see [49, Section
4.3, p. 76, eq. 4.7]),

- the mutual information assuming Gaussian input signals and
without channel knowledge at the TX (see [49, Section 4.2, p.
73, eq. 4.1]),

- and the so called “achievable throughput” that we define as
the mutual information constrained by the inherent losses of
the WiMAX system, including cyclic prefix, guard subcarriers,
pilot symbols, and the preamble (see [49, Section 4.2, p. 73,
eq. 4.2]).

8) Finally, we calculate the 99% confidence intervals for the mean
(BCa bootstrap algorithm) (the vertical lines in Figure 9) to gauge
the precision of the results shown.

VI. RESULTS OBTAINED

The results obtained are presented in Figure 9, which consists of two
graphs:

• The left-hand graph shows the measurement results plotted over
TX power (at an antenna spacing of 1.4 λ).

• The right-hand graph shows the same results plotted over TX
antenna spacing (at a transmit power of 27.6 dBm). In the case
of cross polarized TX antenna elements (2×2-X, TX elements
spaced by 0 λ) only markers are shown on the ordinate.

For each of the three modes measured (2×2-//, 2×2-X, and 1×2),
Figure 9 shows from bottom to top:

• the measured physical layer throughput,

• the achievable throughput,

• the mutual information of the corresponding channel,

• and the unconstrained capacity of the same channel.

Figure 9 shows that the measured throughput of all three modes
(2×2-//, 2×2-X, and 1×2) is approximately the same. We also ob-
serve that the difference between throughput and achievable through-
put increases with TX power (respectively, with SNR) for the MIMO
modes. This is because in the case of 2×2 transmissions, the
Alamouti code is not a full-rate full-diversity code and thus not
optimal. Given that the Alamouti code is very sensitive to channel
estimation errors, the throughput offered by the 1×2 mode is almost
the same as the one offered by the 2×2-X and the 2×2-// modes.
Another consequence extracted from the results in Figure 9 is that the
mutual information and the capacity curves of each mode converge at
large TX power values, as expected. It is very important to emphasize
the huge difference found between the achievable throughput and
the actual throughput (e.g. approximately 10 Mbit/s at a TX power
value of 27.6 dBm for both, the 2×2-//, and the 2×2-X modes).
Consequently, there is a lot of improvement to be gained in WiMAX
(in terms of throughput) to reach rates approximately equal to the
achievable throughput. Notably, the achievable throughput itself is
only 56% of the mutual information. Finally, the right-hand side
of Figure 9 shows that the throughput stays almost constant over
TX antenna spacing, while the achievable throughput, the mutual
information and the capacity increase over TX antenna spacing.

VII. CONCLUSIONS

We have compared —by testbed measurements— the closed-loop
physical layer throughput of a standard compliant 2×2 IEEE 802.16-
2004 WiMAX radio link with the unconstrained capacity and the mu-
tual information of the channel as well as with a so-called achievable
throughput. Notably, the presented measurement methodology can
also be employed to other communication systems by only changing
the Matlab code, that is, without any modifications to the hardware.
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