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1 INTRODUCTION

Multipath wave propagation causes radio signals to become distorted. As the design and the performance of any wire-
less communication system depend on the properties of the radio channel, detailed knowledge about the channel’s char-
acteristics are indispensable. This is where radio channel sounding and investigations comes into play.
Radio channels have be measured using the pulse sounding [1], frequency sweep, and correlation techniques [2]. The
correlation method has been widely used because of its interference reduction and Doppler measurement capability [3]-
[5]. Cross-polarization coupling investigations of radio signals ([6]), multi-location sounding for urban vehicle-
monitoring systems [7], and multi-frequency sounding using multiple sounders simultaneously [8] have a long standing
tradition.
The rapidly growing interest in the directional structure of the propagation channel for wideband signals originated
from the discovery that wireless systems do not necessarily suffer but might significantly profit from the inherent diver-
sity offered by the radio environment [9]. Using antenna arrays instead of single antenna elements at one or both ends of
a radio link allows to establish multiple independent channels between the terminals. These so called Single-Input Mul-
tiple-Output (SIMO) or smart antenna-systems, and Multiple-Input Multiple-Output (MIMO)-systems, respectively,
promise an enhanced spectral efficiency, higher channel capacity, increased reliability of the radio link, and lower inter-
ference levels [10].
For the investigation of the spatial properties of wave propagation Kalliola and Vainikainen were first to report a chan-
nel sounding technique that scanned the output signals of the array antenna elements sequentially in time [11]. The ap-
plication of this technique revealed new insights into the spatial wave propagation mechanisms [12]-[15]. This is very
important regarding further developments of reliable SIMO, and MIMO channel models needed for future wideband ra-
dio systems.
This paper presents a novel architecture for a flexible, integrated wideband vector channel sounder suited for very fast
time-variant Single-Input Single-Output (SISO)-, SIMO-, and MIMO radio channel investigations that can be per-
formed simultaneously at multiple-frequencies, -locations, and different polarization of the waves at the transmitter and
receiver site. This multi-dimensional channel sounder is based on an exceptional fast data acquisition and storage con-
cept, real-time assessment of virtually any channel data during the ongoing channel measurement in the field, and bus-
based modularity allowing full software control of all instrument features.

1. CHANNEL SOUNDER REQUIREMENTS

The novel architecture of the channel sounder has been deduced from the requirements originating from
• the temporal and spatial characteristics of the radio environment,
• the peculiarities of wireless communication and navigation systems, and
• the instruments modularity, flexibility, versatility, and ease-of-use within real environments.

The radio channel induced requirements concern the joint estimation of the path-loss, phase, delay, Doppler shift, An-
gle-of-Departure (AoD), Angle-of-Arrival (AoA), and the transfer matrix H  for all polarization of the multipath sig-
nals within time frames which are short compared to the coherence time of the radio channel.
Requirements emerging from terrestrial and satellite radio communication systems, wireless ad-hoc networks, and geo-
location systems address the frequency ranges, duplex-modes, hand-over-schemes, multi-location capability, multi-
sensor technology, and the typical user mobility profiles of these systems.



3. NOVEL CHANNEL SOUNDER ARCHITECTURE: PROPSOUND

Basic System Concept

For the measurement of the complex channel impulse response (CIR), the correlation method is chosen because of its
interference reduction capability and the obtainable recording rates. Apart from periodically repeated m-sequences any
other binary code sequence up to a length of 4096 chips can be generated to BPSK-(Binary Phase Shift Keying)-
modulate the carrier. To enhance the versatility of the sounder in view of radio test bed applications, any complex base-
band signal with bandwidths up to 200 MHz (or more [16]) can be used in the transmitter.

Multi-Dimensional Channel Sounding

The novel timing concept of the sounder paves the way to multi-dimensional channel sounding as it allows time-variant
channel measurements within multiple frequency bands (for FDD channels), at multiple locations (for multi-user and
geolocation systems), with multiple transmitting and receiving antenna elements (for SIMO-, and MIMO-systems), both
with multiple polarization. This is accomplished by a Time Division Multiplex (TDM) technique where the multi-
dimensionality of the measurements can be recorded sequentially or non-sequentially within very short time leaving
space for permanent storage of the data on a hard disk until the next measurement is triggered. As switching between
the TDM channels is kept to the very minimum, changes of sensitive channel parameters such as the phase, the AoD
and AoA are also kept small within a single multi-dimensional channel acquisition cycle. Apart from this “sustained”
recording mode, a “burst” mode has been implemented to allow for very high measurement rates within a limited period
of time. Each measurement is started upon an smart internal or external (e.g. odometer) trigger whose flexibility allows
to capture only the minimum required amount of channel data.
The non-sequential TDM scanning technique of the multiple sounding dimensions allows to turn the small but unavoid-
able phase drifts of oscillators into random phase noise. This is of importance for the spatial channel parameter estima-
tion.
The location of the transmitter and receiver are of importance if both parts of the instrument are moved. To address this
problem, the transmitter and receiver either records from its internal GPS receiver location and timing data, location
marker information, or odometer data which are stored together with the time-tag information on a mass storage device
for later merging them with the recorded measurement data.

High Speed Channel Sounding

The high speed measurement capability in conjunction with the TDM multi-dimensional channel sounding requires a
well thought-out storage concept. It is based upon the fact that the duty cycle of a multi-dimensional measurement cycle
has to be low in order to measure the time-variant behavior of the radio channel. This leads to the concept of writing the
acquired data at full speed into a solid-state memory which is afterwards copied at high speed into a mass storage de-
vice before the next measurement has to be triggered. Unprocessed I and Q baseband data are stored because of the effi-
ciency and the reusability of the measured data for different purposes and with different parameter estimation algo-
rithms.
To enhance the data throughput to the mass storage device, multiple data acquisition units can be triggered sequentially
in a “round-robin” fashion. This feature works in the sustained and the burst trigger mode of the instrument.

Real-Time Data Assessment

The measured data are simultaneously transferred to a high speed mass storage device for later post-processing and the
real-time display unit to allow for on-line data assessment. This real-time quality control of the recorded data is very
flexible as any data evaluation features of the post-processing software can be used within real-time display; actually
the real-time display uses the same MATLAB code.
The signal processing performed within the post processing software is based on matched filter and super-resolution
channel parameter estimation. Any super-resolution algorithm can be used with the sounder, however, the Space Alter-
nating Generalized Expectation maximization (SAGE) based algorithm is implemented.
SAGE jointly estimates the path loss, path phase, delay, Doppler shift, AoD, and AoA suffered by the multipath signals
[17]. The performance, i.e. the super-resolution capability, accuracy, and convergence rate of the scheme has been
demonstrated in synthetic and real macro- and pico-cellular environments. The results indicate that the technique out-
performs the resolution limitations of classical algorithms such a the Fourier or beam-forming method [18]. Key fea-
tures of the SAGE-algorithm are:



• No temporal and/or spatial smoothing of the measured data across the array elements are required. Hence,
small array with small number of elements allowing fast array scans are sufficient for many applications.

• The algorithm works with nearly any type of array antenna. No restriction on the homogeneity and the ar-
rangements of the array elements, their radiation pattern, and coupling with other array elements matter as long
as the complex radiation pattern have been measured once within an anechoic chamber. Hence, cheap array
antennas can be used without compromising the accuracy of the estimated channel parameters.

• The accuracy and number of the estimated path can be traded-of versus computing time. Hence, the real-time
display of the strongest paths is possible while performing the channel measurements [17].

• The SAGE-algorithms can be extended to estimate other channel parameters in a straight forward way to adapt
it to the task at hand.

The power of the novel channel sounder architecture and the capability of its super-resolution algorithm will be demon-
strated using synthetic and measured data.

2. SUMMARY

For performance investigations of SISO-, SIMO-, and MIMO-systems, the development of reliable MIMO channel
models, and the understanding of principal propagation mechanisms found in macro-, micro-, and pico-cellular envi-
ronments, corresponding channel measurement are indispensable. Starting from requirements addressed to a versatile
MIMO-channel sounder a novel architecture for a flexible, integrated wideband vector channel sounder including its ar-
ray antennas are presented and the impact of the signal processing used to estimate the various channel parameters on
the design of the array antennas and the performance of the channel sounder are outlined.
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