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Abstract— In mobile communications, time varying channels
make the available channel information out of date. Timely
updating the channel state is an obvious solution to improve
the system performance in a time varying channel. However, a
better knowledge of the channel comes at the cost of a decrease
in the system throughput. Thus, predicting the future channel
conditions can improve not only the performance but also the
throughput of many types of wireless systems. This is especially
true for a wireless system where multiple antennas are applied
at both link ends. In this paper we propose and evaluate the
performance of a prediction scheme for multiple input multiple
output (MIMO) systems that apply spatial multiplexing. We aim
at predicting the future precoder/decoder directly without going
through the prediction of the channel matrix. The results show
that in a slowly time varying channel an increase in the system
performance by a factor of two is possible.

I. INTRODUCTION

Multiple input multiple output (MIMO) systems have a
potential of offering higher capacity than the traditional single
input single output (SISO) systems by utilizing space, po-
larization or pattern diversity [1], [2]. In a MIMO system,
it is possible to transmit a few data streams in parallel,
called spatial multiplexing. Decoupling the data streams can
be done by using the channel knowledge at the receiver
only. One can use zero forcing (ZF), minimum mean square
error (MMSE), successive interference cancellation or ordered
successive interference cancellation (VBLAST) to decouple
the subchannels. However, since the transmitted signals are not
matched to the channel, degradation in system performance is
inevitable. Once the channel information is available at both
ends of the transmission link the singular value decomposi-
tion (SVD) transmission structure appears to be an elegant
technique to diagonalize the channel matrices [3].

In a time-varying channel, the schemes mentioned above
are subject to a performance degradation. The variation of the
channel with time causes the available channel state informa-
tion (CSI) at both sides to be out of date. While prediction of
the future CSI for a SISO channel is possible using available
methods (i.e. [4], [5], [6], [7], [9] among others) predicting
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all components of the CSI matrix in a MIMO system appears
to be cumbersome. Moreover the precoder/decoder obtained
from the SVD of the predicted channel matrix is more prompt
to estimation errors.

Having an orthonormal property and a square structure, the
precoders and decoders belong to a unitary group, denoted
as U(D) where D is the dimension. This ¢/ (D) group is a
subgroup of the Stiefel manifold which contains all rectangular
matrices with orthonormal columns. On Z/(D), one can use the
so-called geodesic interpolation to find the smoothest trajec-
tory or geodesic flow between two successive points [8], [10],
[11]. In this paper, by extending the geodesic interpolation
idea we investigate the possibility of predicting the precoder
and decoder in a time-varying frequency flat MIMO channel.
The paper is organized in the following way. First, the system
model is presented in section Il. Section Il describes the
prediction algorithm. Performance evaluation of the algorithm
is investigated in section IV. Finally, some conclusions and
remarks wrap up the paper in section V.

Il. SYSTEM MODEL

Let us consider a spatial multiplexing narrowband MIMO
system consisting of NV, transmitting antennas and N,. receiv-
ing antennas. Without using the precoder and decoder the
received symbol vector has the form

y; = HiX; +n; 1)

where x; is the transmitted symbol vector and n; is the
additive noise, subscript 7 is the transmitted symbol index.
The precoder and decoder are obtained from the SVD of the
channel matrix H;

H;, = U;A VY )

where A; is a diagonal matrix containing the singular values
and ()7 denotes the complex conjugate transpose operation.
The two unitary matrices U and V are in U(N,.) and U(Ny),
respectively.
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Applying the precoder V; and the decoder U, at the
transmitter and receiver, respectively, it is possible to decouple
the MIMO channel into .S = min(N;, N,.) subchannels, which
we can use to transmit @ < S data streams in parallel.

Applying the precoder and decoder, we obtain

y, = UFUAVEVx, +UFn;
= AXi+n; 3

As long as the leakage among the subchannels is not severe,
the individual substreams can be detected separately. Because
no joint detection is required, the detection algorithm becomes
rather simple.

We use the well known Jakes’ model, [13] to model
the time-varying channel. The maximum relative velocity is
related to the maximum Doppler frequency fy by v = c%;
where f. is the carrier frequency and c is the velocity of
light. Each element of the channel matrix H; is simulated as a
superposition of a few tens of uncorrelated plane waves. For
a narrowband MIMO system the discrete time channel state
information (CSI) can be described in baseband by

L
1 ,
[Hi]m,n = ﬁ E al@_ﬂﬂdescosq&l @)
=1

where ¢; is uniformly distributed over (0, 2x], a; is a random
complex Gaussian number with zero mean and variance 1, fy
is the maximum Doppler frequency, T is the symbol period
and L is the number of scatterers.

At the start of each transmitted frame, we assume the
precoder and decoder are derived from the SVD of the
estimated channel matrix H; and the precoder is fed back
to the transmitter. For simplicity we assume that the noise
free precoder and decoder are instantaneously updated at the
start of each frame. Because of the time-varying channel, the
precoder and decoder gradually become out of date at the end
of each transmitted frame. Leakage among the subchannels
is more severe at the end of each frame and performance
degradation is inevitable.

Precoder/decoder prediction in a feedback delay scheme

Figure 1 shows the proposed precoder/decoder prediction
scheme in a time-varying channel. In the figure, N is the
number of symbols within the frame and n is the frame
index. The prediction scheme is based on the information that
would be available for any MIMO system applying spatial
multiplexing. Using the nearest K past precoders/decoders,
the precoders/decoders for the transmitted/received symbols
within the next frame are predicted. Therefore, in a predicted
precoder/decoder system the overhead required for channel
probing is the same as for the unpredicted ones but the
performance improves.

I1l. PREDICTION OF THE PRECODER AND DECODER

Unlike other methods used to predict the future CSI, in the
prediction of the precoder/decoder, the orthonormal constraint
must be retained. One can use a projection based method
where the precoder/decoder is first predicted in the Grass-
mann manifold and then projected onto the Stiefel manifold.
However, for interpolation purposes, the performance of this
scheme is shown to be lower than that of other methods [12].

The orthonormal property and square structure of the pre-
coder/decoder matrix allow us to perform the exponential map,
a key transformation step in geodesic interpolation. Based
on the geodesic interpolation, interpolation of the precoder
for spatial multiplexing MIMO-OFDM systems has been re-
cently illustrated in [12]. Therefore, we decided to extend the
geodesic interpolation method to extrapolate the precoder and
decoder for a frequency flat time-varying MIMO channel.

Since the precoder/decoder as a solution of the SVD of
the channel matrix H; is not unique, the correlation of the
consecutive precoder/decoder elements are always lower than
that of the channel matrix H;. Therefore, to enhance the
prediction performance, the precoder/decoder needs to be
transformed in a way to reduce the ambiguity. For simplicity,
in the following we formulate a prediction scheme for the
precoder only. The future decoders are predicted in the same
manner.

On the K past precoder matrices denoted as
VN, Vin—1)Ns - Vn—k+1)n We perform the following
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transformation

Voy — |I= VZjo = expm(Sp0)
V(n—l)N - V;]{]V(n—l)N@n,—l =
fo;l = expm(Sy, _1)
Vi-k4nn  — VoV k+1)NOn—k41 =

®)

where expm(.) is the matrix exponential operator and (.)7"
denotes the transformed matrix. Further information on the
exponential map of matrices in ¢(D) can be found in [10]
and [11].

In (5), ®, with & ¢ {-K + 1,...,-1,0} is the
orientation matrix that makes the two matrices V,y and
V(nt+k)NOn i aS close as possible in Euclidean distance. We
use the same solution as the one proposed in [12] to find the
orientation matrix ®,, j

VZ,T—K—H = expm(S,,—K+1)

O, = diag(V(,"_y 1)y Van) @ |diag(V(,! ) xVan)| (6)

where @ represents element-wise division. The S,, ;, matrix is
a skew-Hermitian matrix. It can be calculated by

where A, and E,; are derived from the eigenvalue
decomposition of the transformed matrix V)7, V[’
A kEn kA, . Through these K skew-Hermitian matrices
(Sn,—K+1,Sn,—K+2, -, Sn,0) We try to fit a P" order poly-
nomial. When P + 1 is equal to K, the P! order matrix
polynomial goes exactly through the K skew-Hermitian ma-
trices S, 5. The P + 1 unknown matrix coefficients can be
solved by a set of K linear matrix equations:
P
Suk =Y Cup((n+k)N)
p=0
where k € {—K +1,...,—1,0}.

When P + 1 is strictly smaller than K, the P + 1 unknown
coefficients can be obtained by using the least squares fitting.
Note that the skew-Hermitian property of the K matrices S,, j,
is translated to a skew-Hermitian property for the coefficient
matrices C,, ,. Hence, any prediction using the obtained P'"
order matrix polynomial leads to a skew-Hermitian matrix and
thus to a unitary precoder. The skew-Hermitian matrix én N+tm
at time index nN + m is estimated by

P
énN_,_m = z C,p(nN +m)P
p=0
where m € {1,2,...,N —1}. The corresponding future
precoders for the (K + 1) frame can thus be constructed
as

®)

©)

vnN-i—'rn - V’I'LN expm(SnN-i-m) (10)

Note also that in the proposed scheme there is no restriction
on the prediction resolution or the number of symbol N within
a frame.
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Fig. 2. The distribution of the precoder/decoder prediction error for various
settings and maximum Doppler spread values in a 2x2 MIMO setting

V. PERFORMANCE EVALUATION

A natural criterion for evaluating the performance of the
prediction scheme is the following square root error (SRE)
measure

SREy = ||V, = V|| or SREy = ||0; = U;l[r  (11)

where ||.||r denotes the Frobenius norm. The SRE essen-
tially is the Euclidean distance between the predicted pre-
coder/decoder and the true ones.

Since the precoder and decoder obtained from the SVD of
the channel matrix H; are ambiguous up to an orientation
matrix, comparing the predicted precoder/decoder with the true
ones may not be a good way of evaluating the prediction
performance. The predicted precoder/decoder when applied
at the transmitter and receiver should create the least power
leakage between the subchannels. In other words, the off-

. . ~H N
diagonal components of the matrix U, H;V,; should be as close
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Fig. 3. The distribution of the precoder/decoder prediction error for various
settings and maximum Doppler spread values in a 4x4 MIMO setting

as possible to zero. Therefore, we chose another metric which
we call the leakage level to evaluate the performance of the
prediction scheme, that is
~H ~
[lU; HV; — Aillr (12)

In the prediction of the precoder/decoder we aim at a slowly
time-varying channel with a maximum Doppler spread ranging
from a couple of Hz to a few tens of Hz. This type of channel
can occur in an indoor environment. The time required to
transmit a data frame is ¢ frqme = NTs = 10~3s. The channel
matrices were generated using the model described in section
I1. We consider 1000 channel realizations. The total number
of simulated frames was 1000.

Figures 2 and 3 show the cumulative distribution function
(CDF) of the SRE for different values of the maximum
Doppler frequency, prediction order and MIMO settings. For
comparison, we also calculate the SRE for the time-varying

MIMO channel where the same precoder/decoder is used for
the whole data frame (without prediction). The mean values
of the SRE are shown in the same figure. From the results
it can be seen that when applying prediction the SRE is
indeed lower than for the case where no prediction is made.
However, for a low Doppler spread (5Hz) and a low number
of transmitting and receiving antennas (2x2) the improvement
in the SRE is moderate. Including more than two points
(K > 2) in order to predict the future precoder/decoder
may not enhance the prediction performance. The past frames
which do not follow the variation of the newly updated frames
spoil the prediction preciseness. This also reflects a general
trend which can be observed in predicting the time-varying
channel coefficients.
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Fig. 4. CDF of the leakage for the 2x2 setting

Figures 4 and 5 show the leakage level for a 2x2 and 4x4
MIMO system with and without precoder/decoder prediction.
Using the leakage metric defined in (12) the performance im-
provement of the prediction scheme with the first and second
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Fig. 5. CDF of the leakage for the 4x4 setting

order polynomial prediction can be clearly seen. With the
precoder/decoder prediction the mean leakage levels for most
of the MIMO settings and time-varying channel conditions are
reduced by a factor of two.

We also evaluated the performance of the prediction scheme
when P + 1 is smaller than the number of points used for
prediction K. In that case, the polynomial does not exactly
go through the K points. In the simulation, P + 1 and K
was chosen to be 2 and 3, respectively. Least squares fitting
was used to find the coefficient matrices C,, , presented in
(8). The results in Figure 6 and 7 show that the prediction
performance is in between linear prediction and second order
prediction. Although no significant performance improvement
can be obtained, it is expected that when the noise is present
this scheme could lead to a smaller prediction error.

In general, based on the two metrics presented above the
proposed precoder/decoder prediction scheme always outper-
forms the scheme with no prediction (i.e. only using a delayed
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Fig. 6. The distribution of the precoder/decoder prediction error for various
MIMO settings and maximum Doppler spread values

version of the precoder/decoder). A reduction in the leakage
level by a factor of two is observed for most MIMO settings
and time-varying channel conditions. Despite using only two
past samples for the prediction, linear prediction of the pre-
coder/decoder shows a reasonable performance improvement.

For completeness we evaluate the performance of a spatial
multiplexing MIMO system using the precoder/decoder pre-
diction scheme and compare it with the case no prediction is
used. Again we consider a 2x2 and 4x4 MIMO system in a
varying channel with a maximum Doppler spread f;=20Hz.
The precoder/decoder was predicted using a first order polyno-
mial. For each data stream independent QPSK symbols were
transmitted. At the receiver coherent detection is assumed
and each data stream was detected separately. The BER of
each data stream is shown in Figure 8. The results show
that the performance improvement in terms of the BER is
moderate for the 2x2 MIMO setting. For the 4x4 MIMO
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Fig. 7. The distribution of the leakage for various MIMO settings and
maximum Doppler spread values

setting, an improvement by a few dBs in SNR can be observed
on the subchannel with low channel gain. Nevertheless, the
proposed prediction scheme still remains attractive considering
its simplicity.

V. CONCLUSIONS AND REMARKS

In this paper, we have proposed and evaluated the perfor-
mance of a precoder/decoder prediction scheme for a time-
varying MIMO channel. The proposed prediction scheme is
an expansion of the geodesic interpolation method in a unitary
group where any unitary matrix can be expressed as the
matrix exponential of a skew-Hermitian matrix. The prediction
of the precoder/decoder is made based on the information
that would be available for any MIMO system deploying
spatial multiplexing. Therefore, the amount of overhead re-
quired for channel probing is the same as for the case with
no percoder/decoder prediction. To evaluate the prediction
performance, two metrics were defined namely the Euclidean

— With prediction
- No prediction

BER

2x2 MIMO

BER

4x4 MIMO

0 5 10 15 20 25 30

Fig. 8. BER of the time-varying MIMO channel for the 2x2 and 4x4 setting

distance between the predicted precoder/decoder and the true
ones and the leakage level. Based on these two metrics, it
has been shown that the proposed precoder/decoder prediction
scheme can work well for a slowly time-varying MIMO
channel. Evaluating the performance of the prediction scheme
when the channel estimation error and quantization error are
taken into account is one of the interesting problems for future
work.
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