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Abslmct-In (his paper the feasibility of adaptive channel parame- 
ter estimation method for measured MIMO channels is studied. Our 
investigations are based on building a state-space model for the MIMO 
OFDM transmission, that accounts also for the spatial correlation at 
transmitter and receiver antenna arrays. Kalman filter is then applied 
to estimate and track the time-varying channels. Correlation parameters 
are &so estimated from the received data. Our simulations  IT based on 
measured MIMO channels and show that reliable channel estimation can 
be performed under realistic conditions. 

I. INTRODUCTION 
Radio spectrum is a scarce resource in wireless communica- 

tion. High spectral efficiency i s  therefore a major goal of future 
mobile wireless communications systems. Multiple-input multiple- 
output (MIMO) techniques are promising candidates for such systems 
[I21 since they additionally utilize the spatial domain by doing 
multiplexing and therefore obtain much higher capacities than con- 
ventional single-input single-output (SISO) systems. In order to enjoy 
improved capacity, the scattering environment needs to be rich, where 
several different propagation paths exist between the transmitter and 
the receiver. The capacity gain depends on the available channel 
information at either the receiver or transmitter, on the signal to noise 
ratio (SNR), and on the spatial correlation (71, [14]. 

In realistic scenarios, both uncorrelated and correlated channels 
are encountered. An often used approach to model correlated MIMO 
channels is the I-METRA model, also known under the name 
“Kronecker model”. There, the MIMO channel is modeled by the 
transmit and receive correlation matrix. This means that it is assumed 
that the transmit correlation matrix is independent on the receive 
correIation matrix [6], [9 ] ,  1141. 

Accurate channel estimation plays an important role in achieving 
the high capacity of MIMO systems. The problem of correlated 
channel coefficients in a SISO system has been also considered in 
[151. where the time-varying channel was modeled as a multichannel 
autoregressive process of order p. The state transition matrix has been 
estimated from the received data by using higher order statistics. 

In this paper we investigate the performance of a recursive channel 
parameter estimation method introduced in [5], when applied to 
real MIMO measured channels. A state-space model for correlated 
channels i s  derived starting from a model for uncorrelated channels. 
This model includes the correlation matrix into the state variable 
assuming that the correlation matrix is estimated from the received 
data. 

The rest of the paper is organized as follows. In the next section 
we describe how correlated channels can be modeled based on 
uncorrelated channels. In Section 3 we describe the state-space model 
in the case of correlated channels and in Section 4 we present how 
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we can estimate the correlation from the received data. In Section 
5 the MIMO channel measurement setup and simulation results are 
discussed. Finally, Section 6 concludes the paper. 

11. CORRELATED MIMO CIIANNELS 

An often used MIMO channel model is the I-METRA model that 
is also referred to as “ Kronecker” model [9]. This model has been 
used for simulations in the standardization process of 3G systems. 
Assuming a system with m transmit and n receive antennas in a 
narrowband scenario, the channel matrix H wiIl be of size n x m. 
The input-output relationship may then be written as: 

(1) 

where r is the received signal, x are the transmitted symbols, w is 
additive Gaussian noise, and IC is the time index. 

Following the I-METRA model, we define a transmit and receive 
correlation matrix, R T ~  and R h  that have the dimensions m x m 
and n x n, respectively. The correlated channel matrix may then be 
expressed as: 

where HCc) is the correlated MIMO channel matrix, H(@) is the 
MIMO channel matrix with t id .  Rayleigh distributed entries and 
matrix square roots may be obtained, e.g. via Cholesky decomposi- 
tion. 

The spatial correlation at the transmitter and the receiver is 
modeled independently of each other. This approach was justified 
by the fact that only the immediate sumundings of the antenna 
m a y  influences the correlation of the antennas, but that the spatial 
correlation at the other link end does not have an influence on it 131, 
[9]. However, this is not fully tnie as it was shown in [2]. Therefore, a 
new channel model wiis introduced [16] that includes the Kronecker 
model as a special case. 

It has been demonstrated that for 2x2 and 3x3 systems [2], the 
Kronecker model is rather accurate, but as soon as the number 
of transmit and receive antennas increases, it becomes inaccurate. 
For these cases, the Weichselberger model [I61 gives much more 
rigorous results. This model accounts also for the coupling between 
the transmit and receive antenna elements. 

In this paper we use only 2x2 systems and therefore limit our 
considerations to the Kronecker model. For this model, the full 
MIMO channel correlation mahix that describes the correlation 
between all elements of the channel matrix is given by: 

rk = H k X k  + Wk, 

H(c) RzH(i)(R;z)1/2, 

, 

RMIMO = RT= €3 R R ~ .  (2) 

may be generated using the n x 
m matrix H ( i )  and a given MIMO correlation matrix RMIMO as 

A correlated channel matrix 
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follows. The Cholesky decomposition of the positive definite MIMO 
correlation matrix is: 

(3) RMJMO = CC . 

Using the vec operator, the channel matrix elements can be stacked 
into a column vector as: h = wee (H), where h has dimension mn x 
1. The correlated channel matrix in column vector form is obtained 
by: 

vec (HP') = c vec ( ~ 2 ) )  , 

H 

which is equivalent to: 
h: = Ch:, (4) 

where k is the time index. Using a 2 x 2 system as an example 
(Figure 1), the channel vectors from (4) contain the elements: 

In case of frequency selective time-varying model with L-tap 
channels in each MIMO branch, the main assumption i s  that each 
delayed path component (1,. . . , L) exhibits a different correlation 
structure from the other delayed paths. The relationship between 
correlated and independent channel taps is given by: 

hi = ah:, (6) 

where C is a matrix having the structure: 

(7) 

with each Cl, 1 = 1, . . . , L being the Cholesky decomposition of the 
corresponding MIMO spatial correlation. The elements in the channel 
vectors are arranged as: 

To summarize, spatially correlated MIMO channels can be created 
from i.i.d. MLMO channel matrices [6], [9], [14], 1161 by applying a 
given correlation pattern. In case of frequency selective channels the 
same is done separately for each tap by assuming that different taps 
fade independently. 

111. STATE-VARIABLE MODEL 

In wireless mobile communication environments characterized by 
time selectivity, estimation and tracking of channel parameters is 
crucial for reliable transmission. In the case of linear FIR channels, 
we can model the transmission using linear state-space formulation. 
Kalman filter (KF) may then be applied in order to estimate the state 
vector comprised of the wireless channel coefficients. 

We consider the m input - n output frequency selective MIMO 
OFDM scenario (See Figure 1 for the 2 x 2 case). The state-space 
formulation is the following: 

hi+$ = Adhi + V k  (9) 
rk = XI;hi + W k .  (10) 

The state vector of size mnL x 1 is defined as h' = 
[h";, h i l , .  - .  , h$,,IT, with h:3 = [hi , , , ,  . . . , hZ,,L]T, and TS = 
11,. . . ,mn. The observation vector rI; is of dimension nN x 1, 
where N is the number of subcaniers. Typically N >> L. The cir- 
cuIant matrix containing the transmitted OFDM moduIated symbols 
X k  is of size nN x mnL [13]. It admits _a left inverse_of dimension 
mnL x nN which will be denoted by X,f, i.e. XtXk = I. The 

state transition matrix Ad is a mnL x mnL diagonal matrix. State 
noise v and measurement noise w with covariance matrices Q and 
R are assumed to be zero mean circular white Gaussian, mutually 
uncorrelated and also uncorrelated with the state vector. 

Combining equations (6) and (9) leads to the following dynamic 
model for the spatially correlated channel: 

(1 1) = Adh; + CVI;, 

under the condition Ad = aI, la1 < 1. 
As in [ 101 we consider that the first-order AR model approximation 

is enough to capture the channel dynamics over time. There may 
also exist one-lag spatial correlation between the taps. Consequently, 
the state transition matrix is not diagonal, and we will denote it by 
A. Combining equations (6) and (9) leads to the following dynamic 
model for the spario-temporal correlated channel: 

(12) hC,+1 = A,h; + C V ~ ,  

where A, = CAC-'. The measurement equation remains: 

Using the state-space model defined by the set of equations (12) and 
(13), KF can be applied to estimate the state. The update of the 
covariance matrix of the state prediction error requires the channel 
correlation matrix and the state noise covariance: 

(14) P ( k 1 k - i )  = AcP(k-il~,-i)Af + CQCH. 

Iv. ESTIMATION 

As noted previously, the correlation matrix C is needed in KF 
equations. In fact, we do not need to-know specifically the cor- 
relation matrix, but the structure C Q C H .  The method presented 
here to estimate CQCH is based on adaptively updating a quantity 
based on the received data, on the bansmitted symbols and on the 
state transition matrix. The technique is based on investigating the 
following quantity: 

We will first consider the term SI, = X L r k  - AcXl-lrk-l. Using 
the measurement equation (13), s k  can be further written as: 

s k  = x t r k  - A c X t - l r k - l  (16) 

According to (12) we also have: hg = AchE-' + CVJ+I, thus the 
I_ast form of the previous_ equation can be further written as SI, = 
CvL-1 f Xtwk - AcX$- l~k- l .  Going back to (15), using the 
latter form of S k  and taking the expectation will lead to: 

- +  = hi 4 XLwk - Achi-l - AcXk-l~k-l. 

CQ? = B f - X t R  (c) 

In a mobile system the spatial correlation matrix C may be also 
time varying due to moving scatterers or the mobile terminal [SI. 
The recursive update of CQCM in (17) allows also the tracking of 
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Fig. 1. 2 x 2 MIMO OFDM Uansmission. 

the correlation matrix. However, an adaptive update with forgetting 
factor may be needed in equation (18). 

The KF parameter acquisition stage is using known training sym- 
bols before actual data is transmitted. After this stage, the algorithm 
may switch to decision directed mode, where received symbols are 
equalized using MMSE techniques as presented in [13]. 

V. SIMULATTONS 

In this section we briefly present the channel measurement setup, 
the simulation setup and the results obtained using the parameter 
estimation method. We want to emphasis that measured MIMO 
channels are used in MIMO OFDM simulations (i.e. no actual MIMO 
OFDM transmission took place in channel sounding). 

A. Meuswemen! setup 

The channel measurements used in this paper took place at 
the Institute of Communications and Radio-Frequency Engineering, 
Vienna University of Technology. They were performed together 
with Elektrobit, using the Elektrobit Propsound channel sounder. We 
measured the impulse response between each transmit and receive 
antenna at a center frequency of 2.4GHz using a total measurement 
bandwidth of 200MH2, which gives a delay resolution of 511s. 
At transmit side an 8-element circular array of monopoles with 7 
elements on the circle and one in the center and at receive side a 16- 
element 4x4 rectangular patch array were used. Both arrays had an 
inter-element spacing of 0.5A at 2.55GHz. During the measurement 
the receiver has been moved (with pedestrian speed), leading to a 
time-varying MIMO channel. 

B. Simulation setup 
In the simulations, we consider a 2x2 MIMO system, therefore we 

use only two transmit and two receive antennas from the available 
data. Since we have at the transmit side an 8-element circular array, 
we select different transmit schemes by using different pairs of 
transmit-receive antennas (i.e. the transmit antennas are changed 
between the 8 elements while the receive antenna! are also changed 
between the 16 elements, hence we obtain 128 scenarios). From the 
measured impulse responses, we extract a bandwidth of B=lMHz 
which consists of two channel taps. The second tap has much lower 
power than the first one, therefore it was considered as noise. Hence, 
only one channel tap has been considered per MIMO branch, In 
order to create a channel suitable for our simulations, we interpolate 
between the snapshots that were measured every 37111s such that the 
coherence time of the channel equals the OFDM symbol duration. 
Considering that the OFDM system has N = 32 subcarriers, we 
expect that the channel impulse response has a length of less than 
Ips, hence the total OFDM symbol duration becomes 33,~s. 

Since we consider that this is a parameter acquisition stage, the 
modulation used is BPSK. The number of subcaniers can be adjusted 
according to the size of the state vector. We recall that the. state size 
is mnL, in our simulation 2 x 2 x 1 = 4. The requirement is that 

the size of the observations is larger than that of the state. In MIMO- 
OFDM the observation vector i s  of dimension nN, where N is the 
number of subcarriers, nN >> mnL. 

The observation noise covariance matrix and state transition matrix 
have to be known when applying the estimator proposed in (17). 
However, both quantities can be also estimated [4], 151. 

C. Simulation results 

In the simulations presented in this paper, we deal with measured 
data where the channel was non-stationary. Therefore, the changes in 
the spatial structure of the channel has to be taken into account since 
th is directly influences the estimation stage proposed in this paper. 
B other words, we have to know how fast the spatial correlation is 
changing such that we are able to re-estimate the parameters of the 
state space model accordingly. 

A new metric for characterizing the spatial non-stationarity of 
MIMO channels has been introduced in 181. There, investigations 
based on the same set of measurements (as used in this paper) a ~ e  
presented. Based on the findings presented in [SI, the parameter 
estimation is performed using time intervals of 2 seconds, which 
is the time interval where the spatial structure can be assumed to be 
relatively constant. Hence, our parameter estimation is performed in 
an interval where the channel is considered stationary. 

Since the process noise covariance matrix is not known, a conver- 
gence of the estimated parameters to the true ones cannot be depicted. 
However, the estimated parameters do converge to steady state values. 
The Mean Square Error (MSE) of channel estimation using estimated 
model parameters is depicted in Fig. 2. 
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Fig. 2. 
parameters computed with (17) 

MSE for channel esnmates using esnmated state-space model 

The system performance is characterized by bit error rate (BER). 
We have studied the raw BER using the true channel state information 
(CSI) and channel estimated using the approach described in this 
paper, Fig. 3. 

The track of the real and imaginary parts of the channels are 
depicted in Figures 4 and 5 where KF is using the estimated 
conelation as shown in (17). Dash lines represents true values, 
continuous line represents estimated values. Note that good tracking 
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Fig. 3. 
true and estimated state-space parameters. 

BER of the receiver when channel estimation is performed using 

performance is obtained due to good estimates of CQCH that lead 
to close to optimal performance of KF. 

Tlme trRCk Of Ihe channel 
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Fig. 4. Time track of real part of the channel using estimated model 
parameters. The dash and continuous lines overlap almost perfectly due to 
the good parameter estimation. 
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Fig. 5 .  Time track of imaginary part of the channel using estimated model 
parameters. The dash and continuous lines overlap almost perfectly due to the 
good parameter estimation. 

VI. CONCLUSION 
In this paper, channel parameter estimation and channel estima- 

tion and tracking experiments for mobile MIMO-OFDM systems 

have been canied out for MIMO measured channels. The current 
investigations have been limited to a low spatial resolution, i.e. to 
a 2 x 2 system. We have shown that good channel estimation can 
be performed when reliably estimating the state-space panmeters. 
Future work includes studying systems with more antennas and using 
an advanced MIMO channel model [ 161 that is especially useful for 
systems with higher spatial resolution. 
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