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Abstract

A dynamic multi-link MIMO channel indoor measurement
campaign at 5.3 GHz is presented in this paper. The system
setup is described and capacity with interference (with and
without power control) results based on the dynamic multi-
link MIMO measurements are shown, and we experience
a strong correlation between the relative capacity and SIR.
Furthermore, an interference suppression metric is introduced
and pathloss exponents and delay spreads are also presented,
when moving from a typical office corridor to a large entrance
hall at the premises of Lund University, Sweden.

measuring the dynamic multi-link MIMO channel. To the
best of our knowledge, this is the first dynamic multi-link
MIMO measurement campaign published. We also present
capacity with interference result, based on the dynamic multi-
link measurements, as well as path-loss and delay spreads for
the measured scenarios. Finally, we give a simple interference
suppression metric.

The paper is structured as follows. In Section 2 the measure-
ment setup is described, and in Section 3 the measurement sce-
narios are briefly presented. Results based on the measurement
are presented in Section 4, and, finally, section 5 concludes the
paper.

2 Measurement Setup
1 Introduction

With the constantly growing need for higher data rates, the
shown potential of single link multiple-input multiple-output
(MIMO) technology has drawn huge attention from the wire-
less community during the last ten years [13, 9, 5]. Already
today some WLAN products (e.g., Draft 802.11n) utilizing
the MIMO technology are available. The density of different
wireless networks such as WLAN and WiMAX is increasing,
and with the increased number of MIMO products the need to
understand the effects of multi-user interference in multi-link
MIMO scenarios is growing.

The capacity regions of multi-link MIMO have been exten-
sively studied theoretically for both the downlink [4, 14, 12]
and uplink [11, 9, 15]. In [3] the optimum signaling in terms
of system capacity is derived. In addition to the theoretical
work of multi-link MIMO channels, channel measurements
are needed to extend the understanding of those channels.

Today, there exists some static multi-link MIMO measure-

ments, where several single-link MIMO measurements have
been taken and used to form a static multi-link scenario [6].
In this paper we describe a measurement setup capable of

2.1 The LU and TKK Sounders

The receiver of the TKK sounder [7] is basically a down
converter and sampling unit and all the signal processing,
including the correlation of the received signal with the
transmission signal, is done in a post processing process.
Hence, the post-processing can be easily adjusted for other
types of sounding signals.

The Lund University (LU) sounder is a commercial RUSK
[10, 1] channel sounder produced by MEDAV GmbH. It uses
fast RF switching and periodic multi-frequency signals. The
transmitter of the LU sounder has an arbitrary waveform
generator unit for generating periodic multi-frequency signals.

In Table 2.1 some specifications of the sounders are presented.

Using the waveform generator the bandwidth of the signal
and its frequency response can be adjusted, and the center
frequency and bandwidth of the LU sounder can be tuned to
match those of the TKK sounder. Also the bandwidth of the
transmission signal can be adjusted so that it can be measured
with the sampling rate of the TKK receiver without aliasing.
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Parameter
fc
BW
TX-code length
Sampling rate at TX
Sampling rate at RX
RX-element switching interval
Time between MIMO snapshots

LU-sounder
5150 - 5750 MHz
10 - 240 MHz
1.6 ,us
320 MHz
640 MHz
3.2 ,us
39.3216 ms

TABLE I. Sounder specifications

2.2 Synchronization

There are different levels of synchronization. In this setup
the local oscillators are synchronized by using a common

10 MHz reference signal or synchronized Rubidium clocks
making the impulse responses not to slide [2]. However,
synchronization of the transmit signals, synchronization of
antenna switching and synchronization of MIMO snapshots is
not possible between the sounders which introduces a couple
of issues that had to be solved.

1) since the transmit signals of the two transmitters can not
be synchronized, orthogonality between TX signals (e.g.,
TDD) is not possible for a fast system. The measurement
configuration is then limited to one TX and two RXs,
as shown in Fig. 1, which is capable of measuring
the dynamic point-to-multi-point and also multi-point-to-
point MIMO channels (assuming channel reciprocity).

2) the transmit signals are not synchronized to the TKK
RX, and therefore there exists a time difference between
the LU and TKK channels (TSL in Fig. 2). This time
difference is not known, but will stay constant during
a measurement and also between the measurements
(unless the sounders are shut down) and is adjusted in
the post-processing.

3) the LU TX switch and the TKK RX switch are not syn-

chronized, resulting in that the channels are mixed up.

This was solved by using a matched load at one of the
TX channels and at one of the TKK RX channels, which
makes it possible to synchronize the switching patterns
in the post-processing using these dummy channels.

4) the start of a measurement is not synchronized between
the LU TX and the TKK RX, hence the mapping of
the MIMO snapshots of the LU TX with the MIMO
snapshots of the TKK RX was solved by using a switch
in the LU TX. Hence, in all of the measurements
the transmitter power was switched on shortly after
the sampling was started at both receivers. Using the
snapshots where the power is switched on as a reference,
the MIMO snapshots of the TKK and LU sounders can

be synchronized in the post-processing.

2.3 Antennas

The antenna structures used in the measurement system are

shown in Fig. 3.

Fig. 1. Block diagram of the dual-sounder measurements setup.
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Fig. 2. Synchronization between LU and TKK sounders shown for a 2 TX
and 3 RX channel scenario.

The cylindrical antenna structure used at the LU RX consists
of 4 rings of 8 dual polarized antenna elements, and so the
antenna has 64 dual polarized (horizontal and vertical) antenna
elements in total. From these, 16 dual polarized elements
were used; 8 elements from each of the two middle rows was

selected in an alternating fashion.

The semi-spherical antenna structure at the TKK RX has 21
dual polarized (horizontal and vertical) elements, of which
15 dual polarized elements are connected to the switch. In
addition to these 30 channels a discone antenna (connected to
the AGC controller of the TKK RX) and a dummy channel
(for synchronization discussed previously) were used both at
the LU TX and at the TKK RX.

The semi-spherical antenna structure used at the LU TX is
almost identical to the one used in the TKK RX, except the
polarization of the dual polarized elements is different (450
slanted). Here, 7 dual polarized elements of the TX antenna
group were used together with a discone antenna and a dummy
channel.

All unused antenna elements were terminated using matched
loads.

3 Measurement Scenarios

An indoor measurement campaign was carried out in the E-
building of Lund University during May 2007. In this paper

we focus on the entrance hall - corridor scenario shown in
Fig. 4 and Fig. 5. The long entrance hall is surrounded by
corridors and lecture halls built by brick walls, which is also

TKK-sounder
5300 MHz
120 MHz
N/A
N/A
120 MHz
3.2 ,us
39.3216 ms
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cylindrical
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0.5 m/s, hence 30 snapshots represents approximately 10
wavelength. The total number of MIMO snapshots for the two
links are > 7000 and covers a distance of about 38 m.

Fig. 3. Picture of the antenna structures and switches. (left) LU TX switch
together and TKK semi-spherical antenna structure, (middle) TKK RX switch
and TKK semi-spherical antenna structure and (right) the LU RX switch and
LU cylindrical antenna structure.

similar to e.g., an airport terminal, or a part of a shopping
mall. In the measurement, the RX1 (LU RX) was located
in the middle of the entrance hall and the RX2 (TKK RX)
was located in a nearby corridor (see Fig. 5). This type of
measurement scenario represents a real life application with
two WLAN base stations, one in the entrance hall and one in
the neigbouring corridor. The TX was moved from the RX1 to
the RX2 around the corner, and went from LOS to NLOS of
RX1 and vice versa for RX2 link. In the corner the TX is being
in LOS for both RX1 and RX2. A common reference was not
feasible, hence the local rubidium clocks of the sounders were
synchronized [2]. The height of the antennas was 160 cm for
the TX and 190 cm for the RXs.

Fig. 5. Map of the measurement routes.

4 Measurement Results

In this section we present results based on the measurement
campaign.

4.1 Delay Spread and Power Decay

In Fig. 6 the pathloss is plotted together with a least square
line fit (the powers are not absolute, but biased for visibility
reasons).' The pathloss exponents are for the TX -RX1: 2.2
and 8.2, and for TX -RX2: 1.5 and 9.7. In the figure we also
present the delay spread as a function of distance estimated
as [8]

A~T En=O Ph [n] (BW)
Vmean

m2nT'mean:~

where N is the number of MIMO snapshots and

NR NT
Ph [n]=|Hr[ir,1t,n]

r=l t=l

(1)

(2)

where NT and NR are the number of transmitter and receiver
elements, respectively, and where

Tmean

Fig. 4. The transmitter in the entrance hall. Pmean

;N-1 P^ []

Pmean
N-1

Z Ph [n].
n=O

(3)

(4)

The MIMO channel transfer function was sampled each
39.3216 ms, resulting in a number of transfer matrices 1Note that the distance is the moving distance and not the shortest distance
H CI[rxIX f]. The movement of the TX was approximately between the TX and the RXs.
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Fig. 6. Pathloss and delay spread as functions of moving distance for the
two links.

4.2 MIMO Capacity with Interference

In [3], MIMO capacity with interference is computed under
the assumption that each user chooses his signaling without
knowing the exact interference environment. With the focus
on the user of interest the signal model for the narrow-band
frequency sub-channel, k, for our setup becomes

L

Yk = pHo,kxk + E Q/0jHj,kXj, + nk, (5)
j=1

where Ho,k and xO,k represent the channel matrix and the
transmitted signal of the user of interest, respectively. It is
assumed that the entries of the interfering channel transfer
matrix Hj,k is independent from those of Hj,,k if j 7
j'. The noise vector is assumed to have independent and
identical distributed complex Gaussian entries. Then, for the L
interferers, the interference plus noise is Gaussian distributed
with an instantaneous covariance matrix

L

RI, Z T1 JHj,kH>H + INR. (6)
j=1

After pre-whitening the interference plus noise by multiplying
y with RI 1/2, the known results from [13, 9, 5] could be used
to express the channel capacity between the input and output
for the user of interest as [3]

Ck = log2 [det (INR + N HkHHRI1) (7)

First we assume perfect power control (normalized transfer
matrices) for one link of interest TX -RX1 (TX -RX2)
with one interfering link TX -RX2 (TX -RX1). In Fig. 7,
we present the capacity for a 4 x 4 system for (i) a single-link

18
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Fig. 7. Capacity with and without interference for the link of interest TX
- RX1 (RX1) and TX - RX2 (RX2) with perfect power control, taken at 50
equidistant positions when TX is moved from RX2 to RX1 (see Fig. 5).

scenario where p = 15 dB and rql =-oc dB and (ii) for a
multi-link scenario where p= 15 dB and rl = 3 dB.

In order to get an additional MIMO link, two TX positions
were used, taken with a separation of 530 snapshots (approxi-
mately 10 m). TX2 is therefore about 10 m ahead of TX1. In
Fig. 8, we plot the capacity of the channels with interference
relative to the channels without interference. Both transmitters
used the same transmit-power, and TX1 as well as TX2 was
moving on the route from RX2 to RX1 (see Fig. 5). We
assume perfect channel knowledge at the receivers and no
channel knowledge at the transmitters. Each transmitter and
each receiver used 4 antennas. I.e., there are four 4 x 4 MIMO
channels in the evaluated multi-link MIMO-channel. In the
investigated measurement, the link TX1-RX1 communicate
"over" TX2 and therefore has larger interference than the link
TX1 -RX2 as seen in the figure. The average evaluation SIR
varies between -dB... + 27dB and O... + 21dB for the
MIMO channels TX1 -RX2 and TX2 -RX1, respectively.
Consequently, the other two links (TX1 -RX1 and TX2-
RX2) had a SIR of -21dB... OdB and -27dB... + 1dB.

For the same scenario as in Fig. 8, the relative capacities as
a function of the signal-to-interference ratio (SIR) are plotted
in Fig. 9. A clear correlation between the SIR and the relative
capacity is seen.

4.3 Interference Suppression

Here, we propose a simple metric for the multi-link MIMO
channel interference robustness. We use the SIR after spatial
filtering the interference transfer matrix with the singular
vector associated with the largest singular value; the mode
associated with the largest singular value contributes most to
the capacity and is the one also used in MRC/MRT schemes.

-20 F 201
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Fig. 8. Capacity with interference relative to single-link system without
interference, as a function of snapshots. No power control is used and TX is
moved from RX2 to RX1 (see Fig. 5).

Fig. 9. Capacity with interference relative to single-link system without
interference, as a function of SIR. No power control is used and TX is moved
from RX2 to RX1 (see Fig. 5).

The power of the channel mode of interest is for the normal-
ized transmfer matrix

PO = UHHovoi,l s2 (8)

where uo,1 corresponds to the singular vector of the largest
singular value. The power of the interference after spatial
filtering is then for the L normalized transfer matrices

L

=

F

0H

(9)

where *1UF is the Frobenius norm. The channel SIR for the
normalized transfer matrices is then

PO
=PI (10)

In Fig. 10, we plot the Po and PI and -q for 50 positions
when the TX is moved from RX1 to RX2 (see Fig. 5).
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Fig. 10. Interference suppression for the 4 x 4 TX -RX1 link, taken at
50 equidistant positions when TX is moved from RX2 to RX1 (see Fig. 5).

5 Conclusions

In this paper we presented a dynamic multi-link wideband
MIMO channel indoor measurement campaign at 5.3 GHz.
The system setup was described and basic measures as path-
loss and delay spreads were given as functions of the distance
for a scenario where transmitter was moving from a large
entrance hall to a typical office corridor at the premises of
Lund University.

Further, capacity with interference (with and without power

control) results based on the dynamic multi-link MIMO mea-

surements were shown and also the capacity with interference
relative to the non-interference capacity as a function of SIR.
Here we experienced a strong correlation between the relative

capacity and SIR. Finally, an interference suppression metric
is introduced and evaluated on the measured data.
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