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Abstract— this paper presents performance results of three high-
resolution parameters estimation algorithms: ESPRIT, SAGE 
and RiMAX. MIMO indoor radio channels which include 
measurement-based time-delay diffuse multipath scattering 
(DMC) were emulated to evaluate the estimation performance of 
both algorithms. The impact of the DMC on the parameter 
estimation accuracy is studied by adjusting its power with 
respect to the specular component. For all discussed scenarios, it 
is clearly demonstrated that RiMAX outperforms ESPRIT and 
SAGE which do not include DMC estimation into their data 
model. The preliminary results clearly highlight the importance 
of DMC and the necessity to account for its presence in data 
models to accurately estimate the channel parameters. 
Otherwise, very poor estimates of the coherent component 
parameters are expected which would in turn result in wronged 
propagation prediction models. 

I. INTRODUCTION 

Beyond 3G and 4G mobile radio systems exploit the 
multipath phenomenon to increase capacity, coverage and 
quality of service by deploying multiple smart antennas at 
both the transmitter (Tx) and receiver (Rx) [1]. Consequently, 
to properly optimize the planning and performance of those 
future Multiple-In Multiple-Out (MIMO) radio networks, the 
behaviour of the multi-link double directional propagation 
channels must be known with sufficient details. This task is 
particularly challenging in confined environments where the 
propagating radio waves suffer complex superimposed 
reflection, diffraction, and scattering effects. 

Therefore, to gain a deeper insight into the physics of the 
propagation mechanisms, intensive MIMO measurement 
campaigns have been realized in indoor environments to 
accurately assess the time and angular spread of the specular 
multipath components (SC) resulting from successive 
reflection and diffraction effects. To this end, high-resolution 
parameter estimation techniques have been jointly employed 
to retrieve the parameters from the measured multi-link 
channels [2]. Nevertheless, all of the techniques widely 
disseminated in the community such as ESPRIT, SAGE, or 
MUSIC have yet failed to include in their data model the 
presence of time-delay and/or angular diffuse multipath 

components (DMC) resulting from scattering, which can be 
particularly rich in indoor scenarios [3]. It follows that, due to 
the inadequacy of their data models, these algorithms are 
expected to provide very poor estimates of the SC parameters 
and could mislead the development of faithful propagation 
prediction models. 

 
To highlight the impact of the DMC on the SC parameter 

estimation accuracy and the necessity to include it into data 
models, the performance of high-resolution parameter 
estimation algorithms must be evaluated. Evaluating an 
estimator is typically accomplished by first emulating 
synthetic multi-link channels from which all SC and DMC 
parameters are a-priori known. The parameters of the 
complex channel transfer functions are then estimated and 
compared with the exact ones. Nevertheless, it is critical to 
understand that the emulated multi-link channels must be as 
realistic as possible. Hence, the emulating framework ought to 
be partially or fully based on measured indoor SIMO channels.  

 
In this work, the performance of three state-of-the-art high-

resolution parameter estimation algorithms is evaluated from 
synthetic measurement-based indoor SIMO channels. The two 
algorithms were chosen upon their ability to treat DMC or not 
(i.e. include DMC into the data model or not). The first two 
algorithms ESPRIT [4] and SAGE [5] do not include time-
delay and angular DMC in their data model. On the other hand, 
the third algorithm RiMAX was developed recently to 
incorporate time-delay DMC [6]. Note that both time-delay 
and angular DMC were treated in [7] with an approximate 
maximum likelihood (ML) estimator. In particular, the 
performance is discussed for various DMC to SC power ratio 
scenarios that describe the environment ability to scatter low- 
or high-power radio-waves.  

 
In the following Section, the method to emulate, from 

actual measurements, synthetic indoor MIMO channels that 
include DMC is provided to the reader. Sufficient statistics 
being required to evaluate the performance of both estimators, 



the approach is described in the Simulations Section. Before 
concluding, the performance of both estimators for all 
presented scenarios is discussed in the Results Section.  

II. RADIO CHANNEL DATA MODEL 

The static sampled radio channel investigated in this work 
h(f,0) has the MIMO double directional structure of a 
multipath channel [8] given by the superposition of the 
coherent steering vector s(θsp) and DMC ddmc [6]. DMC being 
understood as a multivariate circular normal process with zero 
mean, h can be defined as: 

( ) ~ ( ( ), ( ))sp dmc c sp dmcN h s θ d s θ R θ           (1), 

where the full correlation matrix of a narrow-band Kronecker-
separable channel has the following structure:  

( ) ( )
R Tdmc M M f dmc  R θ R R R θ                         (2).  

RMR and 
TMR  describe the angular distribution of the 

DMC and are here treated as identity matrices to eliminate this 
component. Note that this aspect has been treated in [7] and 
related works. On the other hand, ( )f dmcR θ  describes the 

DMC time-delay distribution. ( )f dmcR θ  has a Toeplitz 

structure and includes additive white Gaussian noise (AWGN) 
from the measurement equipment. Regardless of the DMC 
physical mechanism (either angular or time-delay), it can be 
regarded as a corrupting coloured noise which is not 
accounted for in standard data models. Indeed, one typically 
considers AWGN channels with covariance matrix 2I. 

Here, for the sake of simplicity, the propagation path 
parameters θsp were generated by an in-house 2D ray-tracing 
in an empty 66 m x 32 m x 10.8 m room. This room models 
an existing sports center located on the University of Lille 
Campus. In this work, θsp denote the set of parameters time-
delay of arrival (TDOA), and direction of arrival/departure 
(DOA/DOD). The deterministic steering vector s(θsp) is 
constructed following: 

( ) ( ).sp  s B             (3), 

where the matrix valued function B() is a concatenated 
description of the radio channel (time-delay, temporal, angular 
and frequency response of transmitter/receiver) and  the 
linear path weight, respectively. The typical exponential 
model is employed to form B() where is the normalized 
parameter (TDOA, DOA, and DOD). Hence, given the studied 
problem, a three-dimensional (3D) estimator must be 
deployed.  

The distributed diffuse scattering parameters θdmc were 
retrieved from static SIMO measurements in the sports center 
[9]. θdmc consist in a set of four parameters 0, 1, d, and d; 
variance of the circular (i.i.d.) normal distributed noise, DMC 
peak power, coherence bandwidth normalized to the 
measurement bandwidth, and base TDOA normalized to the 
total length of the observed impulse response, respectively [6]. 
The time-delay covariance matrix is given by: 

      ,
H

f dmc dmc dmctoep R κ θ κ θ            (4), 

where toep is the Toeplitz operator.  dmcκ θ is the sampled 

version of the power spectrum density constructed as: 
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where  0 1 0 0 0
Te  is a unit vector. 

III. SYNTHETIC CHANNELS & SIMULATIONS 

A single SISO link is constructed as follows: steering 
vectors s(θsp) are generated for a random Rx and Tx position; 
the reflection order for those paths varying between 0 (for the 
LOS path) and 6. 50 propagation paths were selected to 
construct a single SISO link but depending upon the 
geometrical configuration, only 10 to 20 paths were shown to 
have an SNR sufficiently large to be detected by the 
estimators as shown in Figs. 1 and 2.   

The SIMO measurements reported in [9] were then used to 
extract the DMC parameters. Those parameters characterize 
the scattering properties of the considered indoor scenario. 
The SC power was then set as the SC to DMC power ratio 
PSC/Pdmc with 

1
0

d d
dmc

d

P e  


            (6), 

where 0 is the measurement noise power. Note that this is 
equivalent to defining a Signal to Colored Noise Ratio 
(SCNR). Three power ratio scenarios are investigated in this 
work: PSC/Pdmc = 0.7/0.3 (30% DMC), PSC/Pdmc = 0.5/0.5 (50% 
DMC), and PSC/Pdmc = 0.3/0.7 (70% DMC). Those three 
scenarios were chosen as to adequately assess the estimation 
performance in the presence of strong or weak DMC [10].   

The complete synthetic multi-link channel is finally 
reconstructed into a virtual 16 x 16 MIMO link with 4 x 4 
uniform rectangular arrays (URAs) for both Tx and Rx, 
respectively. Omni-directional antennas are chosen for the 
arrays to ensure uniform gain across the angular domain. h 
was generated at 3.5 GHz over a 40 MHz bandwidth and 1 
MHz frequency step. 25 channel realizations were emulated 
for each scenario with 10 independently and identically 
distributed (i.i.d.) observations per link to statistically assess 
the performance of the estimators. 

Figure 1 presents an arbitrary emulated power delay profile 
which has been subsequently estimated by RiMAX. In this 
example, 9 propagation paths are correctly detected by the 
algorithm. A set of 4 paths with low SNR could not be 
detected by the algorithm. The blue curve is the synthetic PDP 
constructed as the superposition of the specular and diffuse 
components (red curve) over the 40 MHz bandwidth. In 
addition to the TDOA estimation, Fig. 2 presents the exact 
DOA and DOD parameters and their estimates. Again, a good 
agreement is found.   



 

 
Fig. 1 Arbitrary normalized synthetic Power Delay Profile (in dB) and DMC 
over a 40 MHz bandwidth. The exact (blue circle) and estimated (red cross) 
propagation paths are shown over an infinite bandwidth.  

 
Fig. 2 Exact (blue circle) vs. estimated (red cross) angular parameters 
extracted from the synthetic channel shown in Fig. 1.  

IV. RESULTS & DISCUSSION 

For each power ratio scenario, ESPRIT, SAGE and 
RiMAX were used to extract around 240 SCs from the 
constructed radio channels h. It is noteworthy that the number 
of signals estimated by RiMAX was fed as an input to 
ESPRIT and SAGE to perform fair statistics. The estimated 
parameters were paired with their true counterpart with the 
multipath component distance (MCD) algorithm [11]. Then, 
the absolute estimation error was computed between the 
estimates and true values. 

In Fig. 3, the empirical cumulative distribution function 
(ECDF) of the absolute estimation error is shown for the SC 
DOA parameter for all three algorithms. The black (solid) 
curves correspond to PSC/Pdmc = 0.3/0.7, blue curves (dash) to 
PSC/Pdmc = 0.7/0.3, and red curves (dash-point) to PSC/Pdmc = 
0.5/0.5. For each power ratio scenario, the DOA estimation 
error values computed from ESPRIT and SAGE estimates are 
observed to be larger. In addition, the errors are spread in 
comparison to those obtained from RiMAX estimates. This 
poor estimation accuracy of ESPRIT and SAGE is expected as 
the presence of DMC will strongly corrupt the algorithms’ 
ability to separate the signal subspace from the noise subspace. 
This inadequacy to separate the signal subspace from the 

noise subspace arises from the fact that the covariance matrix 
is non-diagonal due to the DMC presence. Nevertheless, it is 
observed that ESPRIT is less sensitive to the DMC presence 
than SAGE. Nevertheless, both algorithms show some 
dependence to the DMC power.   

Meanwhile in Fig. 3, RiMAX is able to accurately estimate 
more than 80% of the SC DOAs with errors close to 1° 
without any dependence to the DMC power. It can be 
concluded that RiMAX clearly improves SC DOA estimates 
over ESPRIT and SAGE in the presence of DMC. For 
RiMAX, a mean DOA root mean square (rms) estimation 
error of 0.76° is computed from all scenarios with 0.95 
confidence level. The same conclusion could be drawn for the 
estimation of the SC DOD parameter.  

 
Fig. 3 SC DOA absolute estimation error computed with ESPRIT, SAGE, and 
RiMAX for the three power ratio scenarios PSC/Pdmc = 0.3/0.7 (solid black), 
PSC/Pdmc = 0.7/0.3 (blue dashes), and PSC/Pdmc = 0.5/0.5 (red point-dashes). 

Figure 4 shows the ECDF of the absolute estimation errors 
for the SC TDOA. Similar conclusions as for the SC DOA 
parameter can be drawn: RiMAX reduces the TDOA 
estimation errors to about 1 for more than 70% of estimated 
SC TDOA (1 ns absolute error) whereas large estimation 
errors are obtained with ESPRIT and SAGE. For RiMAX, a 
mean TDOA RMS estimation error of 1.02 ns is computed 
from all scenarios with 0.95 confidence level. Although 
ESPRIT and SAGE provide poor TDOA estimates, the former 
performs much better than SAGE but shows a higher degree 
of dependency to the DMC.    

 
Fig. 4 SC TDOA absolute estimation error computed with ESPRIT, SAGE, 
and RiMAX for the three power ratio scenarios PSC/Pdmc = 0.3/0.7 (solid 



black), PSC/Pdmc = 0.7/0.3 (blue dashes), and PSC/Pdmc = 0.5/0.5 (red point-
dashes). 

 
Fig. 5 SC Power absolute estimation error computed with ESPRIT, SAGE, 
and RiMAX for the three power ratio scenarios PSC/Pdmc = 0.3/0.7 (solid 
black), PSC/Pdmc = 0.7/0.3 (blue dashes), and PSC/Pdmc = 0.5/0.5 (red point-
dashes). 

Finally, Fig. 5 shows the ECDF of the absolute estimation 
errors for the SC Power. RiMAX reduces the power absolute 
errors to about -20 dB for more than 90% of estimates 
whereas larger RMS errors are obtained with ESPRIT (0 dB) 
and SAGE (-10 dB). For RiMAX, a mean power rms 
estimation error of -26.35 dB is computed from all scenarios 
with 0.95 confidence level. In contrast to the non-linear 
TDOA, DOA and DOD parameters, SAGE provides a better 
estimation for the power parameter but shows a higher degree 
of dependency to the DMC. 

CONCLUSION 

The high-resolution parameter estimation algorithms 
ESPRIT, SAGE and RiMAX were applied onto synthetic 
MIMO radio channels in the presence of measurement-based 
DMC. Our results strongly demonstrate that RiMAX 
outperforms ESPRIT and SAGE for all simulated scenarios. 
The poor SC parameters estimation performance is here 
attributed to the absence of DMC in the ESPRIT and SAGE 
data model. In addition, ESPRIT and SAGE are observed to 
be strongly dependent to the DMC power thus resulting in 
larger error spread. This study highlights the fact that DMC 
must be taken into consideration when channel estimation 
techniques are employed. Adding DMC in the data model of 
estimators is therefore critical to the development of faithful 
propagation models and should be further investigated.  

Future research on this topic will focus, for a given 
configuration, on the optimal settings (such as the number of 

searched SC paths) for the RiMAX algorithm to estimate a 
higher percentage of SC paths correctly with negligible error. 
In any cases, a better understanding of the diffusion 
mechanism may also be gained by investigating this 
phenomenon in various environments. This would not only 
lead to improved mathematical descriptions but also to the 
development of more accurate high-resolution parameters 
estimation algorithms. 
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