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Abstract
For the real-time identification of the time-variant, directional structure of the mobile radio channel

impulse response, a broadband vector channel sounder is described. The measurement procedure relies
on periodic multi-frequencyexcitation signals, correlation processing and joint delay-azimuth superreso-
lution based on the ESPRIT algorithm. The underlying signal model is developed and the different possi-
bilities of ESPRIT application are discussed. Problems of imperfect receiver and antenna performance
and the appearing resolution limits are outlined. Results of multidimensional correlation analysis of vari-
ous channel scenarios in the Doppler-delay-angular domain are presented.

1 Motivation

Efficient wireless transmission constitutes a key technology for future universal mobile communication
systems. High data rates, adequately defined quality of service, high system capacity and high bandwidth
efficiency require new and sophisticated radio link designs. That includes adaptive equalization and adap-
tive modulation schemes. Most recently, smart antenna principles are considered to enhance system per-
formance. The expected benefits include increased capacity and quality of service as a result of interfer-
ence reduction by spatial filtering and sophisticated equalization and diversity procedures in the joint de-
lay and angular domain [1].

Design and simulation of smart antenna modems requires profound knowledge of the radio channel im-
pulse response (CIR) statistics [2]. The multipath components of the time-variant impulse response have
to be analyzed with respect to their path delays and directions of arrival. Wideband, real-time measure-
ment of the time-variant directional radio channel is a very demanding task. High multipath time delay
and angular resolution as well as fast measurement repetition rate are required. Traditional measurement
methods based on sweeped network analyzers or sliding correlators and rotating antennas are generally
not suited since they presume time-invariant radio channels.

The paper describes the basic performance of the antenna array based Vector Radio Channel Sounder
RUSK ATM. The parametric signal model and the estimation procedure are outlined. Finally, an intro-
duction to the statistical analysis of the channel characteristics and some measured examples are given.
The channel sounder has been developed under the german national project line ATMmobil which is des-
ignated for next generation broadband multimedia mobile radio systems.

2 Signal model

The signal transmission in a typical mobile radio channel is affected by time-angular-variant multipath
propagation as indicated in Fig. 1. In the uplink the waves impinging on the base station (BS) antenna
consist of a line-of-sight component (LOS) and contributions fromK-1 non-LOS paths with relative ex-
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cess delays from different directions that result from scattering, reflection or diffraction. The individual
path contributions are time-varying because of mobile station (MS) and environmental objects movement.
Generally, the path weightsγk(t) may be fast fading since in some microscopic sense (not resolved by the
respective measurement resolution in time and/or azimuth) any scattered and diffracted path consists of a
superposition of time-variant contributions. Therefore, for some limited observation time, the channel
impulse response is often considered as a wide-sense stationary stochastic process (WSS). For a longer
observation time and MS traveling distances of much more than (typically) some tens of the carrier
wavelengths, the mean path time-delaysτk (TDOA), the directions of arrival kθ ′ (DOA), the Doppler shifts
αk and the dominant path numbersK are varying and the r.m.s. path weights become slowly fading be-
cause of the changing scenario geometry and possible path shadowing and varying path loss. Thus, the
time-space-variant impulse response can be given as:
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Fig. 1: Time-angular-variant multipath propagation in a mobile radio link.

The channel response in (1) represents the channel in the equivalent baseband domain. The parameters
have to be considered as valid in some limited frequency range only. Since we restrict our discussion to
azimuthal DOA, the space domain variables is appropriately defined by the linear BS antenna aperture.
We also assume plane wavefronts. E.g., for object distancesr > 28.5Sλ0 we get up to± 0.5° phase error
along the aperture [3]. Furthermore, the wavefront delays alongs can be approximated by the complex
phasor multiplication ( )ksθπ2jexp − if the signals are narrowband and the antenna aperture is small
enough, Sλ0 << c/B. Herec is the velocity of light,B is the measurement bandwidth andS is the maximum
antenna aperture. Both,s andS are given normalized to the wavelengthλ0 at the carrier frequency. The
projection of the waves from azimuthal DOAsθ´ to the antenna aperture results in the directional cosines

( )kk θθ ′= cos .
The parametric linear input/output signal model from (1) is more clearly arranged if we use the appro-

priate Fourier transform relations
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The Doppler-azimuth-variant impulse response is related to the time-space-variant frequency response
by a 3-D Fourier transform. Note, that it is the linear array assumption that results in a Fourier transform
relation for the space-azimuth branch of the transform. The time-Doppler Fourier pair shows that fast
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fading path weightsγk(t) introduce local Doppler spread. If single reflections are resolved, that results in
pure Doppler shift and constant path weight magnitudes. Only then the channel parameter estimation pro-
cedure may be considered as a three-dimensional harmonic retrieval problem.

3 Vector radio channel sounder hardware design

Depending on the available hardware, the measurement of the system response functions in (2) can be
performed in any domain of the transform pairs. By all means, the resolution of the parameter tripleαk, τk,

kθ is given by the resulting aperture sizesT,B,Sin thet, f, s-domain which are limited by the signal model
restrictions and the hardware constraints. The latter are imposed by the instantaneous bandwidthB from
ADC/DAC sampling rate limitations and by the antenna aperture from receiver channel number limita-
tions. At the same time the narrow band modeling assumption required to establish (1) imposes constraints
on the bandwidth and the antenna aperture. The maximum measurement time apertureT is limited by the
invariance condition of the channel parameters. On the other hand, the measurement repetition rate has to
be fast enough in order to reproduce the time variation by meeting the Nyquist sampling criterion w.r.t.
variablet which is given by the expected maximum Doppler bandwidth. Therefore, the hardware design
for a real-time vector channel sounder is a demanding task that requires very fast processing. The remain-
ing margin for measurement time stretching by cost saving sequential operations is given by the delay-
Doppler spread factor, which is defined by the product of the maximum excess delay and the maximum
Doppler bandwidth. For a typical mobile radio channel, as a result of the path loss and the specified
maximum transmit power and because of the maximum Doppler bandwidth, it is well below 1 %. In the
terminology of time-variant linear systems [4], the mobile radio channel is clearly "underspread". Since
the vector channel sounder RUSK ATM relies on real-time sampling instead of sliding correlation, se-
quential operation in the spatial domain can still be used without sacrificing the advantage of having full
real-time access to the time-variant radio channel. By fast antenna multiplexing, the individual antenna
responses that form the channel response vector snapshot (CRVS) are sequentially estimated. The multi-
plexer timing is synchronized to consecutive periods of the Tx signal. Since only a single RF downcon-
verter channel is required, the hardware expense is reduced dramatically as compared to a completely
parallel multichannel operation. Details of the hardware design are described in [6]. Table 1 gives an
overview of the resulting hardware parameters.

Instantaneous bandwidth 120 MHz
Frequency range 5 ... 6 GHz (extension available)
Scalar impulse response Response length: 0.8 ... 25.6µs

Dynamic range: 35 dB
Antenna array 8 elements, multiplexed
Measurement mode Event triggered Standard Doppler Fast Doppler
Repetition rate
Time record length
(8 channels, 0.8µs
impulse response)

50 Hz
limited by
external DAT
capacity

1 kHz
≈ 60 s

≈ 70 kHz
256 snapshots

Tx/Rx sync Rubidium reference / optical fiber
Interfaces DAT streamer, SCSI, TFT-Display, telemetry, GPS / DGPS, odometer and

gyrosscopic sensor interface

Table 1: Basic hardware parameters of RUSK ATM vector channel sounder.

The measurement setup consists of a mobile transmitter (Tx) that acts as the MS and of a fixed receiver
(Rx) that plays the role of the BS. 120 MHz bandwidth periodic multi-frequency excitation signals with
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minimum crest factor are used. Those signals are very effective for frequency domain system identifica-
tion since they offer an exactly limited frequency spectrum, allow fast measurements and low estimation
variance as well as minimum leakage bias in case of synchronized FFT processing [5]. The signal is gen-
erated in the RF-range by upconversion from the baseband and radiated with a power of 26 dBm from an
omnidirectional monopole antenna. The 5.2 GHz Rx antenna is formed by anM=8 element uniform linear
array (ULA) of λ0/2 spaced planar elements, which are vertically polarized and have 120° azimuthal
beamwidth. The choice of the antenna array geometry strongly influences the DOA estimation perform-
ance. As will be seen later, a ULA geometry allows very effective algorithms from a computationally
point of view. For any array outputm = 1 ... M, the receive signal spectrum( )mnY ,,ˆ µ is calculated by FFT
and an estimate of the CRVS in the frequency domain is calculated as( ) ( ) ( )mnXmnYmnH ,,ˆ/,,ˆ,,ˆ µµµ = with
the argument variablesn, µ denoting the snapshot time instantnt0 and the frequencyµ f0 = µ / tp , resp. The
excitation signal reference spectrum( )mnX ,,ˆ µ is measured by a back-to-back calibration procedure
where the radio channel is replaced by an attenuator connected between Tx and Rx. Therefore, Tx- and
Rx-frequency response and nonlinear distortion of the Tx power amplifier are removed from the meas-
urement results [13].

4 Channel parameter estimation

For evaluation of micro- and especially of picocell-scenarios, very high path parameter resolution is re-
quired. Even it aperture sizes in the three domains are chosen as large as possible, simple DFT estimation
of the discrete parameters in (2) would not yield satisfactory results. Firstly, angular resolution is limited
by the array aperture to 0.89/S which corresponds to about 12.5° of DOA resolution in case of theS = 4
array at broadside direction. It even reduces to about 30° at the skirts of the beam sector. Secondly, theτk

resolution in the delay domain is in the order of 8 to 15 ns which corresponds to 2.4 to 4.5 m, depending
upon the window function in the frequency domain that is used for CIR sidelobe reduction. Even Doppler
resolution can be a problem when the time aperture length is strongly limited, especially for rapidly
changing scenarios. To overcome the DFT resolution limits, parametric DOA estimation is applied in
order to achieve superresolution. From the different procedures [8], the ESPRIT-type algorithms are espe-
cially suited for ULAs. As compared to other algorithms, such as Maximum Likelihood (see e.g. [9] for an
effective iterative implementation for channel sounder application), the ESPRIT algorithm (Estimation of
Signal Parameters via Rotational Invariance Techniques) is very time-effective since it avoids extensive
multidimensional search. The matrix model for estimation is given as:

( ) ( ) ( ) ( )µµθµ ,,, nnn NΓAH += (3)

with the frequency domain CRVS vector( ) ( ) ( )[ ]MnHnHn ,,ˆ1,,ˆ, µµµ �=H , the spatially white noise vector
N(n, µ) and the impinging wavefront vector ( ) ( ) ( )[ ] T

KK ffn τµγτµγµ 0101 π2jexpπ2jexp, −−= �Γ .
TheMxK array response matrixA(θ ) is composed of the response vectors for theK individual wavefronts

( ) ( ) ( )( )[ ]T
kkk dMd θθθ 1π2jexpπ2jexp,1 −−−= �a whered gives the distance between the antennas nor-

malized to the wavelengthλ0. (3) represents the discrete, measured representation of the signal model (2)
in thet,f,s-domain. Since the parametric approach can be considered as an alternative to the DFT, there are
several possibilities to use superresolution algorithms for estimating the model parametersτk, kθ , αk. E.g.,
only a single Fourier transform branch can be replaced by a 1-dimensional ESPRIT estimation. Since the
most severe resolution restriction seems to be imposed by the antenna aperture, we start with the space (s)
to azimuth (θ ) transform. Fig. 2 gives an idea of the resulting procedure. With respect to the estimation of
the remaining parametersτk, αk the DFT-approach is used. In order to simplify the presentation, only the
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delay-azimuth estimation is shown and the time-Doppler domain is omitted. The first step is to transform
the frequency domain CRVS to the delay domain by DFT. Then a 1-D ESPRIT DOA estimation is applied
for all τk bins that contain enough energy. This explains how high measurement bandwidth supports reso-
lution of a large number of paths since only those paths that show the same path delay (within the delay
resolution limit) have to be resolved in the azimuthal domain. The picture, however, also explains that the
τk, kθ estimation task can more consequently be characterized as a 2-D joint delay-angular estimation
problem.
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Fig. 2: Delay-azimuth snapshot estimation from one frequency domain CRVS.

Like other DOA estimation algorithms, the ESPRIT belongs to the subspace class that exploits the ei-
genvector structure of the array covariance matrix in order to estimate the signal subspace. Its efficiency,
however, comes from the usage of the special structure of the array response matrix. In case of an ULA,
A(θ ) takes the form of a Vandermonde matrix. The main idea of the ESPRIT is to divide it into two sub-
matrices that correspond to identical sub-arrays which may even be arranged partly overlapping in space.
Then there exists a projection matrix that uniquely rotates the output of one sub-array to the other. The
actual estimation problem is now reduced to find that projection matrix by solving a general least-squares
problem (LS-ESPRIT) of the resulting (typically) overdetermined set of equations. The eigenvalues of that
projection matrix are directly related to the DOAs. Estimation accuracy can be enhanced by using struc-
tured or total last squares (SLS-ESPRIT, TLS-ESPRIT). The standard ESPRIT approach is even outper-
formed by the recently introduced unitary ESPRIT algorithm [10], [11]. That procedure transforms the
subspace estimation step to a real problem by exploiting the structure of centro-symmetric arrays (as it is
given by an ULA). Thereby, the estimated twiddle factors are constraint to the unit circle which reduces
estimation errors. Moreover, unitary ESPRIT may be arranged to inherently contain forward-backward
averaging. A further advantage of that idea is that it can be extended to a closed form 2-D joint parameter
estimation algorithm that provides automatically paired sets of parameters. That allows a very smart solu-
tion of the joint delay-azimuth estimation problem described by Fig. 2 and (2) whereby also the delay
resolution is enhanced by the superresolution capability of the ESPRIT. For more details see [3], [11].

As a result of the underlying stochastic model, proper estimation of the signal subspace is an issue.
Since the CRVS (2) is assumed to be WSS with uncorrelated path scattering processesγk(t) some time
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domain averaging is required in order to get a stable estimate. The maximum allowable time interval for
averaging is given by the invariance condition of the slowly varying model parameters (s. Fig.1). Alterna-
tively to the covariance averaging approach, there exists the direct data approach that uses singular value
decomposition (SVD) of the same time sequence interval of the CRVS. That is often preferred because of
a better numerical stability. Finally, the ESPRIT ends with an estimate of one set of the mean channel
parametersτk, kθ for the time interval considered. Then it is still necessary to estimate the path weights
γk(t). Since they are generally fast fading, they have to be determined consecutively for any single snap-
shot in time by least squares estimation ofK sets of nullsteering beamformer weights using a Penrose-
Moore pseudoinverse. The result is a sequence of snapshots in time that directly corresponds to the time-
azimuth-variant impulse response( )θτ ,,tht . A Fourier transform w.r.t. timet results in the Doppler-
azimuth-variant impulse response of (2).

Unfortunately, the azimuthal signal subspace decomposition fails if impinging wavefront signals are
correlated. Since all paths are launched from the same source, reflected signals have to be considered as
coherent if they are subjected to nearly the same delay (within the time resolution limits) and if the related
scattering process is at least partly deterministic. In particular, the ability to resolve closely spaced paths is
reduced dramatically [8]. Then spatial smoothing of the estimated signals subspace has to be performed
for a rank enhancement. Since for that purpose the array has to be divided into overlapping subarrays to be
smoothed, the effective array aperture is reduced. Thus, the maximum number of sources that can be re-
solved by theM=8 ULA at any delay bin is reduced to about 5. In case of joint delay-azimuth estimation
also frequency domain smoothing is required in order to enhance delay subspace separation of paths from
(nearly) the same azimuthal DOA. Of course, subspace smoothing not only enhances the rank of the signal
subspace, it also improves statistical stability by noise reduction.

The quality of the whole procedure is also strongly influenced by the correct choice of the model order,
but that cannot be discussed here.

5 Measurement Errors, Calibration and Resolution

In any practical measurement setup the acquired data are somewhat impaired by limited accuracy, noise
and interference. Since a superresolution procedure can be understood as an extrapolation in the corre-
sponding aperture domain, it is very sensitive to measurement errors. Therefore, the achievable resolution
is limited by noise and device parameter impairments. As a general rule, amplitude and phase uniformity
of the array channels determines the achievable DOA resolution while frequency domain invariability
determines the TDOA resolution.

Since the RUSK ATM receiver consists only of a single down-convertor channel, there are strongly re-
duced problems with unequal receiver channels. Mainly phase noise of the mixer frequency sources is an
issue since the antenna outputs are sampled sequentially in time. In the device described phase noise is
kept low enough by sophisticated PLL/VCO design. Antenna impairments, however, cause more prob-
lems. Because of the close spacing between neighboring elements, parasitic electromagnetic coupling
cannot be avoided. That results in severe distortions of the antenna beam patterns. Although ESPRIT does
not require the precise knowledge of the array response vector, it relies on identical beam patterns. Any
non-uniformity of the beams disturbs the ESPRIT since the algorithm interprets that distortion as a result
of impinging waves. Simulation has shown that the maximum peak-to-peak ripple of the resulting beam
patterns should be below 0.5 dB in order to achieve 5° angular resolution of coherent paths. That can only
be reached with sophisticated antenna array calibration. The calibration procedure is based on a set of
reference measurements using a single source under well-defined propagation conditions in an anechoic



7

chamber with constant delayτk at an equidistant grid of well known azimuth anglesθk. Details of an ef-
fective eigenvector-based calibration matrix estimation procedure and measured results are given in [12].
Stable 5° resolution of two sources impinging with the same TDOA has been demonstrated over the com-
plete 120° azimuthal antenna sector with some degradation only at the skirts of the beams. Also the most
complicated 5 coherent source scenario can be resolved [6]. It has been shown that parasitic echoes during
calibration have to be at least 30 dB down if they are not clearly resolved in delay. Otherwise the calibra-
tion result is severely impaired.

Imperfect frequency response uniformity of the calibrated device results from remaining internal re-
flections that may be introduced by mismatch between the calibration and the measurement setup and
from slightly changing frequency response as a result of AGC switching. Currently, about 1.5 ns TDOA
resolution of sources impinging from the same DOA is reliably achieved which corresponds to about
50 cm spatial resolution.

6 Second Order Statistical Analysis

Because of the underlying stochastic signal model, statistical analysis based on second order correlation
can reveal interesting channel features. The WSSUS channel model helps to define a 3-dimensional cor-
relation function by assuming stationarity w.r.t. time, frequency and spatial distance (∆t, ∆f, ∆s ). That
corresponds to uncorrelated behavior w.r.t. the variables Doppler shift, delay and azimuth (α , τ, θ ). The
following 3D-Fourier-Transform relates the expected Doppler-delay-azimuth spectrum to the corre-
sponding expected time-frequency-spatial correlation:
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The estimation of (5) should be based on the spectral domainα , τ, θ since that avoids time-expensive
correlogram calculation. From classical spectral estimation of stochastic processes [14] it is well-known
that some statistical averaging or smoothing is required in order get stable estimates. The relative variance
of the estimation is inversely proportional to some aperture-resolution product. That means, there is a
tradeoff of statistical stability against resolution that further aggravates the resolution constraints. From a
computational point of view, one possibility is to smooth the rough estimate of the magnitude squared
Doppler-azimuth variant impulse response by the smoothing window( )⋅W :

( ) ( ) ( ) ´´d´dd´´,´,´´,´,,,ˆ 2 θταθταθθττααθτα TBShWr ��� −−−= (5)

The index inhTBS denotes aTBSaperture limited estimate of the Doppler-azimuth variant impulse re-
sponse (2). The smoothing impact of( )⋅W is determined by its spread in the different domains which
shows the compromise between variance reduction and resolution bias. Therefore, the support of( )⋅W in
each of the different domains has to be chosen deliberately in order to match the desired resolution of the
path clusters. If the channel has to be evaluated from the viewpoint of some prospective application sys-
tem, one objective may be to meet the resolution limits of that system. Another estimation possibility is to
divide the time sequence ( )θτ ,,tht with the total aperture record lengthT into smaller, weighted and
overlapping segments and proceed with spectral averaging. In that case, Doppler and delay resolution
have to be chosen in advance, but eventually both procedures can be effectively combined [14].

As discussed in section 5, the maximum achievable delay-azimuth resolution corresponds to scattering
clusters of about 50 cm in diameter. Therefore, with the carrier frequency of 5.2 GHz, only about
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10 Doppler cycles are available. In that case it seems not appropriate to stake on DFT Doppler resolution.
Then some parametric spectral resolution procedure should be applied to achieve reliable, high resolution
estimates from the short time segments. Standard AR estimators seem to be well suited since at the same
time a parametric channel model arises that is well suited for statistical channel modeling [17].

The general WSSUS relation (4) offers a large variety of deduced functions by applying Fourier trans-
form relations w.r.t. the different variables as given in Fig 3. Reduced domain functions and parameters
are calculated by integration over one, two or three variables such as the Doppler-delay spectrum, the de-
lay-azimuth spectrum, the Doppler-azimuth spectrum, the delay spectrum or the Doppler spectrum, the
Doppler spread or angular spread etc.
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Fig. 3: WSSUS spectral and correlation relations.

7 Measurement examples

In the following, measurement results that are typical for an industrial environment are demonstrated.
The measurement campaign took place in a car factory hall of the Daimler-Chrysler AG in Sindelfingen
(Germany). Fig. 4, at first, shows the spatially averaged, magnitude-squared CIR sequence that was re-
corded with the Tx moving away from the Rx between two car assembly lines and subsequently driving
around one of them and moving back toward the Rx. The sequence clearly shows the adequately changing
delays. It also indicates that the LOS is lost during the way back. It can be expected that the channel pa-
rameters will change significantly at that instant since transmission will be based only on scattering and
multiple reflection if LOS is obstructed. Fig. 5 shows more details from two cut-outs of the same impulse
response at LOS conditions (left) and non-LOS conditions (right), respectively. From Fig. 6 the delay-
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Doppler spectra at a LOS and a non-LOS location can be seen. The boundary projections in the 3-D pic-
tures show the max-hold average delay spectrum and Doppler spectrum, respectively, that can be identi-
fied by the axis variables. In the non-LOS case an almost ideal classical Jakes Doppler spectrum occurs.
Fig. 7a-c displays the short-time averaged delay-azimuth spectrum at two LOS-locations and at one non-
LOS location. Here the boundary projections are the max-hold average azimuth spectrum and again the
delay spectrum. It can be seen that the angular spread gradually decreases with increasing distance be-
tween Tx and Rx antenna during the LOS situation and suddenly increases when LOS is disappearing. The
same characteristic is indicated in Fig. 8 where the r.m.s. angular spread and the r.m.s. delay spread are
shown for the complete record length.

Fig. 4: Spatially averaged, log. magnitude squared impulse response (complete measurement drive).

Fig. 5: Spatially averaged, log. magnitude squared impulse response: cut-out at 15 s (left) and at 47 s (right).
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Fig. 6: Spatially averaged Delay-Doppler spectrum at 11 s (left) and at 60 s (right).

Fig. 7a: Local time averaged delay-azimuth
spectrum at 7 s.

Fig. 7b: Local time averaged delay-azimuth
spectrum at 38 s.
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Fig. 7c: Local time averaged delay-azimuth
spectrum at 55 s.
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8 Conclusions

A hardware-effective realization of a real-time vector channel sounder based on fast antenna multi-
plexing has been shown. That device allows full statistical analysis of the Doppler-delay-azimuth statistic
of mobile radio channels. Further investigations will include elevation and polarization analysis as well.
Also correlation of the delay-azimuth statistics between different frequency bands is of interest for inves-
tigation of uplink- and downlink-beamforming in frequency duplex systems. Estimation of parametric
channel models and the usage of the measured channel responses for realistic link level simulation in dif-
ferent scenarios including dynamic changing situations are a further issue [15], [16].

Analysis of the radio channel under different model scenarios needs careful planning, extensive meas-
urement campaigns and intensive analysis of the recorded data [18]. Effective software tools are required
for that purpose.
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