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Abstract—In this paper, we propose a novel long range
prediction scheme for narrowband MIMO systems using realistic
spatial channel model. The algorithm exploits both the temporal
and spatial structure of the MIMO channel to jointly estimate
the multipath parameters via a subspace based three dimensional
ESPRIT approach. We propose simple transformations to con-
vert the channel impulse response into a space-time manifold
matrix exhibiting translational invariance in three dimensions.
Simulation results show that the proposed prediction scheme
outperforms existing algorithms and can achieve prediction range
of several wavelengths.

Index Terms—Channel prediction, MIMO, parameter estima-
tion, ESPRIT, multipath propagation, spatial channel model.

I. INTRODUCTION

Provision of high data rates and quality of service with
increased reliability for an increasing number of users con-
stitute a major challenge facing current and future wireless
communication systems. In order to meet these stringent
requirements, adaptive and limited feedback based multiple
input multiple output (MIMO) transmission techniques have
been chosen as a key scheme in recent and future wireless
standards such as IEEE 802.11n, Long Term Evolution (LTE)
and LTE-Advanced due to the possibility of adapting trans-
mission parameters based on the channel state information
(CSI). These schemes however require both the transmitter and
receiver to have knowledge of the CSI. In frequency division
duplexing systems, channel state information at the transmitter
is often acquired by estimation at the receiver and feedback
to the transmitter [1]. Delays in the feedback link, however,
make the CSI outdated before usage at the transmitter. Long
range prediction is therefore required in order to mitigate
performance loss. CSI prediction for single input single output
(SISO) systems has been well addressed in literature and
have been shown to offer significant improvement in system
performance (see e.g [2]-[5]).

Channel prediction for MIMO systems has also received
considerable research attention within the last decade. The
possibility of predicting multi-antenna channels was first in-
vestigated in [6]. It was shown that channel prediction im-
proves MISO smart antenna system performance. In [7], linear
prediction scheme for the direct prediction of precoding and

decoding vectors using geodesic interpolation was proposed
for narrowband MIMO systems. Similar prediction algorithms
exploiting geodesic interpolation and parallel transport for the
prediction of channel direction in codebook based MIMO
systems have been proposed in [8]. These schemes however
assumed that the MIMO channel is independent and identically
distributed without account for the propagation phenomenon.
Bounds on the prediction error of MIMO channels [9] indicate
that better prediction can be obtained by utilizing the spatial
parameters of the MIMO channel. The authors used auto-
regressive ( AR) modelling for the prediction of a beamspace
transformed CSI and an inverse transformation was performed
on the predicted CSI. The proposed beamspace transformation
matrix is, however, not well conditioned and so the inverse
transformation is difficult to perform. A similar approach
based on ray cancelling was presented in [10]. The scheme
utilizes QR decomposition to overcome the ill-conditioning
of the transformation matrix. It was however assumed that
the angles of arrival and angles of departure are known. In
[11], the ESPRIT based scheme for single input single output
system proposed in [2] was extended to the prediction of
MIMO channels. This approach is not optimal since it does
not utilize the spatial information. It was also shown in [9] that
parametric predictors based on the double directional MIMO
model are likely to achieve optimal performance. In [12], the
possibility of exploiting spatial structure of MIMO channel
in enhancing prediction using multichannel linear prediction
was studied. The authors showed using both synthesized and
measured data that multichannel linear prediction is unreliable
for MIMO channel with dense scattering. In [13], we proposed
a prediction algorithm for narrowband MIMO channel that
exploits the receive spatial and temporal correlations in real-
istic spatial channel models. The predictor utilizes a transmit
spatial signature model (TSS) based on the assumption that the
dependence of transmit steering vectors on angle of arrival can
be removed due to the stationarity of the transmitter. Although,
the performance of the proposed algorithm was shown to be
better than previous method, the transmitter spatial information
is not utilized for the prediction.

Motivated by the benefits of using CSI prediction with



adaptive and limited feedback MIMO schemes and the need
for efficient low complexity multidimensional parameter es-
timation schemes to enhance MIMO CSI prediction [9], we
make the following contributions in this paper

e« We propose a simple and efficient scheme for trans-
forming samples of the MIMO channel impulse response
into a data matrix equivalent to having a 3D array with
certain invariance structure. The transformation allow
for efficient utilization of both the temporal and spatial
structure of the channel.

o We propose an ESPRIT based scheme for jointly estimat-
ing the AOAs, AODs, and Doppler shifts in narrowband
MIMO systems.

e We study the prediction of narrowband MIMO systems
using the double directional spatial model with the pro-
posed parameter estimation scheme. We further perform
simulations to evaluate the performance of the algorithm.

The rest of this paper is organized as follows. In section II,
we describe the spatial channel model (SCM) upon which the
prediction scheme is based along with a data transformation
approach. The proposed prediction algorithm is presented in
section IIl. Section IV presents the simulation set-up along
with results and discussions. Finally, we present the conclusion
in V.

II. MODELS

In this section, we present a description of the narrowband
double directional MIMO model along with the proposed
transformations and a derivation of the data model.

A. Channel Model

A commonly used multipath channel model is the ray based
sum of sinusoids model, defined for a single input single
output (SISO) system as the superposition of P scattering
sources [14]

P(t)

= Z ap(t) exp(jwpt) (1

where «, is the complex amplitude of the pth scattering source
and w), is the Doppler frequency defined as

wp = KV cos b,(t) (2)

where V' is the mobile velocity, 6,(¢) is the angle of arrival
of the pth scatterer relative to the mobile station direction,
K = 27” is the wave number and A is the wavelength.
The SISO model in (1) can be extended to modelling of a
MIMO propagation channel via the introduction of the spatial
dimension [9]

P(t)

= 2 (b

where ¢,(t) is the angle of departure and b, (6,(t)) and
bl (¢,(t)) are the receive and transmit array response vectors
in the direction of the pth scattering source, respectively. For

)bT(Cbp( ) eXp(ijt) 3)

a uniform linear array (ULA) aligned perpendicular to the
direction of motion with antenna spacing Ar at the receiver,
the receive array steering vector is defined as

[laexp(jQP)v e

where ), = 2wArsinf, and N is the number of receive
antenna elements. The transmit response vector, b, (¢,), is ob-
tained by replacing Ar with At, 8, with ¢, and N with M in
(4), where At denotes the antenna separation at the transmitter.
In order to reduce the problem of modelling the time varying
MIMO channel to a classical parameter estimation problem,
we assume that the multipath parameters remain constant over
the region of interest! and that the mobile velocity remains
constant (such that constant temporal sampling corresponds
to constant spatial sampling). The simplified sampled MIMO
model is therefore

Z%

where v, = KV Atcosf, is the normalized Doppler shift of
the p-th path and At is the temporal sampling interval.

b, (0,) = cexp(j(N = 1)Q)" @)

(bp) eXp(JkVp) (5)

B. Data Transformation

Prediction of the MIMO channel using the model in (5) re-
quires estimation of the multipath parameters v = [«, 6, ¢, V].
We will now present a simple transformation to enable joint
estimation of these parameters. Assuming there are K avail-
able samples of the CSI from channel estimation or measure-
ments, we perform the following vectorization operation on
the samples

h(k) = vec [H(k)]

= g vec [a,b

It can be easily shown that the vectorized channel transfer
function in (6) can be modelled as

Z%

where ® denotes the Kronecker product. We then form an
NMQ@ x R Hankel matrix from the vectorized channel as

k=1, K

0p)bi(dp)" exp(jkrp)]  (6)

) @ by(¢p) exp(jkvy) @)

h(1)  h(2) h(R)
h(2)  h(3) h(R+1)

- . . . (8)
h(Q) h(Q+1) h(K)

where () denotes the number of temporal correlation lags and
R = (K — @ + 1) is the number of averages used in the

IThis multipath parameters stationarity assumption has been shown to be
valid within the standardized WINNER/3GPP Spatial Channel Models (SCM)
for as long as 50 A [15].



covariance computation. Let a4(v) be a Q-dimensional vector
defined as

ag(v) =

[exp(jev),exp(j(e + 1)v), -, exp(§(Q)v)] (9)

where @), = ¢ + @ — 1. By using the transformations in (8)
and the model in (7), the data in the sth column of H can be
expressed as

P
H = Zap(br(ap) ® bi(dp) ® ag(vyp)), (10)
p=1
which has a compact representation
H*=B(0,¢,v)ax (11)
where a = [a1, 9, -+ ,ap]? and B(0,¢,v) = [b.(01) ®

bi(¢1) ® aj(1), - ,b,(6p) ® by(ép) ® aj(vp)] is an
N M@ x R space-time manifold matrix. The model in (11) can
be employed to jointly estimate the angle of arrival (AOA),
angle of departure (AOD) and Doppler shifts. We next present
the proposed MIMO channel prediction algorithm which we
call Multidimensional ESPRIT based MIMO CHAnnel Pre-
dictor (MEMCHAP).

III. MEMCHAP

The proposed channel prediction algorithm comprises of
two stages viz multipath parameter estimation and prediction.

A. Parameter Estimation

The multipath parameter estimation stage is divided into
four sub-stages: Covariance Matrix Estimation, Subspace di-
mension estimation, Joint AOA, AOD and Doppler estimation
and Amplitude Estimation.

1) Covariance Matrix Estimation: The parameter estima-
tion stage depends on the singular value decomposition (SVD)
of the Hankel matrix in (8) or the eigenvalue decomposition
(EVD) of the spatio-temporal covariance matrix computed
using

HHH
Z = 7 (12)
where [.]f denotes the Hermitian conjugate transpose.

2) Subspace Dimension Estimation: The number of sources
is estimated using the Minimum Mean Squared Error (MMSE)
based Minimum Description Length (MDL) criterion defined
as [16]

pP= arg  min

u=1,---,U—

 MMDL(u) (13)

where U = NMQ and MMDL(u) is given by

MMDL(u) = Rlog(\,) + %(UQ +u)logR  (14)

CHANNEL
SIMULATOR

Fig. 1: Block diagram of the proposed ESPRIT based MIMO
channel prediction scheme.

3) Joint AOA, AOD and Doppler Estimation: Using the
idea of translational invariance in ESPIRIT [17] and multiple
invariance ESPRIT [18], [19], we derive a 3D algorithm to
jointly estimate the AOA, AOD and Doppler shifts at this
stage. We perform EVD or SVD of Z and decompose the
eigenvectors into signal and noise subspace matrices. In order
to explore the translational invariance structure in the space-
time manifold matrix, we defined the following 1D and 3D
selection matrices

Jio=[In-1) O

(N—1) Jor =1y ®Ig ®J1p
J2g = |O(n_1) “1) Joo =TIy ®Ig ® 2
Jig = [Lvw-1) O(M D) Jpn=Iog®J1, ®1Iy

Jul :Jlu ®IN ®IM
Jo2 =J2 @Iy ®@1In (15)

]
v)]
)
Inv-1)] Jp2=1p ® T2 @In
0q-1)]
Liq-1)]

where Iy, is an L x L identity matrix and Oy, € RT is an L-
dimensional vector of zeros. Using the 3D selection matrices
in (15), we define the following invariance equations

JooEg = Jg1 Es®
Js2Es = Jy Es®

Ju2Es = J,1EsN (16)

where Eg is the NMQ x P signal subspace matrix having the
eigenvectors corresponding to the P largest eigenvalues of Z
as its columns. The matrices ®, ® and IN are matrices whose
eigenvalues contain information about the parameter, that is

cig(©®) = diag [exp(j2rArsinfy), -+ exp(j2rArsind )]
eig(®) = diag [exp(j27rAt sin¢1), - -+ ,exp(j2w At sin gbp)]
eig(N) = diag [exp(jl/l), e ,exp(jup)] (17

where eig(.) denotes the eigenvalues of the associated matrix.
Solutions to the equations in (16) are then obtained using the
Least Square(LS) approach

O = ((Jo2Es)" (Jo2Es)) " (Jo2Es)" (Jo1 Es)
® = ((Jy2Es)" (J42Es)) " (Jp2Es)" (Jp1 Es)
N

((JVQES)H(JVQES))il(JL/QES)H(JIAES) (18)



It should be noted that although estimates of the AOAs, AODs,
and normalized Doppler shifts can be obtained directly from
solutions of (18), this requires an additional algorithm to pair
the estimates. However, automatic pairing of the estimates is
achieved in this paper by using a scheme similar to the mean
eigenvalue decomposition (MEVD) [20]. Denoting

Y=0+®+N 19)
We eigen-decompose Y to obtain the common eigenvectors
of the three matrices in the sum

Y = IIAII ! (20)

The diagonal eigenvalue matrices are then computed using

Zo =II"'OeI1l

Zy=T1""'®II

Z, =TI 'NII (21)
where Zg = eig(®), Zy = eig(®) and Z, = eig(N).

Estimates of the parameters are then obtained from (17) as

0 — wsin (— angle(diag(ze)))

2rAr
o (i)
v = angle(diag(Z,))

2w At
(22)

4) Amplitude Estimation: We assumed that the complex
amplitude of each multipath is same far all antenna pairs and
utilize the first entry of the MIMO channel matrix for the
amplitude estimation. Owing to the Vandermode structure of
the array steering matrix, the first entry of the MIMO matrix
in (4) can be modelled as

P
hi1(k) = Zap exp(j(k — 1)) (23)
p=1

The following sets of linear equations can therefore be formed
using the K available samples

hll(l) 1 1 e 1 o

h11(2) g1 g2 T dp Q9

ha(K)) (g g g}K V] Lop
(24)

The complex amplitudes are obtained via a solution of (24) as

a=(GHG)"'G hy,;

=G'hy (25

where (.)T denotes the Moore-penrose pseudoinverse.

TABLE I: Simulation Parameters

Parameter Value
Number of Drops (Realizations) 1000
Sampling Interval 2ms
Mobile Speed 75kmh—1T
Carrier frequency 2.1 GHz
Number of Paths 10
Transmit Antenna Array ULA (120 deg sectoral)
Receive Antenna Array ULA
Samples (Predictor initialization) 100-500

B. Prediction

Once we have estimated all parameters of the MIMO model
in (3), prediction is achieved by substitution into the model for
the desired horizon. The predicted MIMO impulse response is
thus

Za b, (6,)bY (¢,) exp (i) (26)

where 7 is the desired time instant.

IV. NUMERICAL SIMULATIONS

In the section, we evaluated the performance of the proposed
predictor. The prediction performance is evaluated in terms of
the normalised mean squared error (NMSE) defined as

NMSE(r) = - (T_K) [I[FL(t) — H(t)||F]
~ e 3, 30 - o
27

where [.]r denotes the Frobenious norm, L is the number of
realizations and Py denotes the power of the MIMO channel

defined as
K+K,

1
- HII2
w2 I

where K, denotes the overall prediction horizon considered.
The predictions were performed using the parameters in Table
I except where stated otherwise. The channel is generated
using the double directional MIMO model with uniformly
distributed AOAs (~ U0, 27)) and AODs (~ U[-%, §)) and
Gaussian distributed complex amplitudes (~ A(0,1)). Since
outdoor environments are dominated by a small number of
multipath components with relatively large power, we used
the number of paths P = 10 [6] for our simulations. In
order to model measurement/estimation noise and multiuser
interference, we added temporally and spatially white complex
Gaussian noise to the channel. A 2x2 MIMO system is
considered for the simulations except where otherwise stated.
We plot the trace of amplitudes of the actual and predicted
CSI at SNR = 10dB in Fig. 2 where the horizontal axis
denotes time in seconds. Clearly, the proposed algorithm can
accurately track the time varying channel for both observation
and prediction region. The AR prediction scheme however,

Py = (28)



loses track of the channel after a short prediction interval.
In Fig. 3, we present the normalized mean square error
(NMSE) for the proposed algorithm and AR prediction at
SNR = [0,5,15] dB. It can be seen from the figure that the
proposed scheme outperforms the AR-based predictor at all
noise levels. In Fig. 4, we plot the NMSE of the proposed
predictor initialized with different number of samples. As can
be seen in the figure, increasing the training length improves
the prediction performance. This is expected since better
parameter estimation performance is achieved with increased
number of samples. The CDF of prediction NMSE for a
prediction interval of 10ms (= 1.5 \) at different noise level
is shown in Fig. 5. In Fig 6, we present the CDF of prediction
NMSE for a prediction interval of 50 ms (= 7.5 lambda) at
different SNR levels. As shown in the figure, the performance
of the algorithm is still acceptable for such a long prediction
range.
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Fig. 2: 2x2 MIMO Channel Trace at SNR = 10 dB. Prediction
initialized with training length of 500 samples

V. CONCLUSION

We proposed a novel algorithm for the long range prediction
of time-varying narrowband MIMO channels. The multipath
channel is described by the double directional multi-antenna
model with angle of arrival, angle of departure, Doppler shifts
and complex amplitude parameters which are jointly estimated
through a three dimensional ESPRIT based algorithm and the
channel is then predicted using these parameters which are
assumed stationary over the region of interest. Simulation
results shows that the proposed algorithm can effectively
extrapolate the channel into the future even at low signal to
noise ratio. Future work will analyse the performance of the
proposed algorithm in terms of the overall system performance
metrics and on measured data.
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