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Abstract- Knowledge of future channel conditions can in- 
crease the performance of many types of wireless systems. 
This is especially true for radio channels with multiple trans- 
mit and receive antennss, i.e. Multiple-Input Multiple 
Output (MIMO) systems. This paper derives a performance 
hound for MIMO channel prediction. It is assumed that p r e  
diction is based upon estimating a model for the channel and 
then extrapolating that model to  predict future values of the 
channel. A vector formulation of the Cramhr-Rao bound for 
functions of parameters is then used to Bnd a lower bound 
on the prediction error. Numerical evaluation of this bound 
shows that substantially longer prediction lenghs are pos- 
sible for MIMO channels than for single antenna channels. 
An intuitive interpretation of this result is that more of the 
channel structure is revealed when using multiple antenna 
at both ends. 

I. INTRODUCTION 

There are many instances in wireless communications 
were knowledge of the future radio channel can be benefi- 
cial. For instance, if a fading dip can be predicted in ad- 
vance, precautions such as power control or adaptive modu- 
lation can provide a significant performance increase 1.5, 1.51. 
Performance gains can also be achieved by using prediction 
to bridge the time gap between channel estimates and the 
current state of the channel 112, 131. Several researchers 
have addressed the problem of predicting the fut.ure chan- 
nel for systems wit,h a single transmitting and a single re- 
ceiving antenna, i.e. a Single-Input Single-Output (SISO) 
channel [I, 4, 5, 6, 9, 191. Unfortunately. their results show 
that for channels w.ith dense multipath,, the SISO channel 
can only be accurately predicted for short distances on the 
order of a few tenths of a wavelength depending on the 
scenario. Analysis of a bound on the prediction error for, 
SISO channels in 1191 suggests that the channel predictor 
requires channel knowledge over many wavelengths in order 
to provide accurate predictions further into the future. In 
practice, the underlying structure of the radio channel due 
to scattering and reflections is unlikely to remain stationary 
long enough to  provide the channel knowledge necessary 
for SISO predicti,on. Hence, for many environments, the 
practical use of SISO channel prediction appears limited. 

Recently, the possibilit,ies of predicting the channel when 
using an array at one end have been investigated in 121. A 
performance gain was observed in a downlink beamforming 
application by employing channel prediction. A plausible 
explanation for this is that more of the channel structure is 
revealed when several antennas sample the wavefield. Us- 
ing arrays at both the transmitter and receiver, it seems 
likely that even more of the channel structure is revealed 
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and better prediction performance may be expected. An- 
other advantage of using multiple antennas at both ends 
of a wireless link is that the achievable data rate can be 
significantly increased since the spatial dimension can be 
exploited more efficiently 17, 201. Since these large per- 
formance gains are reached without requiring additional 
bandwidth, such Multiple-Input Multiple-Output (AIIh.fO) 
systems have attracted considerable attent,ion. It has also 
been found that channel knowledge is important in order 
to realize the full potential of these systems [E]. There- 
fore, channel prediction will be particularly useful in hIIhlO 
systems since better prediction performance is possible and 
since the improved performance is much more critical than 
in the SISO case. 

This paper will study the performance of prediction for 
hIIhIO channels and show that longer prediction lengths 
than for SISO systems are possible. A bound for the pre- 
diction error of AIIhlO channels will be derived and ana- 
lyzed in a manner similar to the bound for SISO channels 
in [19]. Prediction is based upon estimating a model for the 
channel using a segment where the channel is known and 
ihen simply extrapolating this model to predict future val- 
ues of the channel. A lower bound on the prediction error 
is derived by using a vector formulation of the Cram&-Rao 
lower bound (CRB) for functions of parameters. The pre- 
diction performance is then studied using this bound and 
it is found that it is possible to predict the channel further 
into the future when multiple antennas are used at b0t.b 
the transmitter and receiver. 

11. CHANNEL MODEL . .  

A ray-based hlIh,IO channel model which several recent 
measurement campaigns have used to  describe.and analyze 
measured data 114, 17, 211 will be used to  study prediction 
performance. The model is essentially an extension of the 
common SISO channel model [lo] 

L 

h(t") = Care3w".., (1) 
1=1 

where al is the scattering coefficient of path 1 and w( is 
t,he Doppler frequency of path 1 at time t , .  Note that the 
total number of paths is L. A simple way of extending this 
model to a hlIIvI0 system with A& transmit and M p  receive 
antennas is t,o add the spatial dimension of each ray as 

L 

~ ( t , )  = Cala,,i<lejw~t=, ( 2 )  
1=1 

where a,.,l is the array response vector a t  the receiver a s s o  
ciated with the l th  path and at.i is the correspondingvector 
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for the transmitter. This model.is valid for all types of an- 
tenna arrangements, but if a Uniform Linear Array (ULA) 
is used. the array response vector exhibits a Vandermonde 
structure 

1 I (3) a;i = [I e-5L e-12%t . . . e - J ( A l t - l ) % ~  

where the angular frequency of path 1 is modeled as Rt,l = 
kdt sin&t;l, k is the navenumber, dt is the element separa- 
tion distance, and bt,l is the Direction Of Departure (DOD) 
of path 1 at the transmitter. At the receiver, R J  is defined 
in a similar manner. The summation in (2) can also be 
written using a matrix formulation as 

rvhere 

p ( t n )  = diag (ale?-t.z, cr2eju2t,, , . . . ,&',t.,) ( 5 )  

X = diag(al:an,  (6) 
(7) , . . . , ej-t.') W(t,) = diag (ej"Jlf,t, $d2t,*  

Here, A, and At  are :If, x L. and Mt x L matrices whose 
colunm correspond respective!>- to the receive and t,ranr 
iiiit array response vectors for all paths. For the following 
analysis, it is convenient to  rectorize the above expression: 

(8)  

For the purpose of studying channel prediction, it. is as- 
sumed that a series of previous channel matrices is known. 
Transmitting a training sequence or using joint channel and 
symbol detection are two different ways of obtaining previ- 
ous channel realizations. Assuming that we are observing 
the channel in Gaussian noise, corresponding to  a noisy 
estimate, r e  obtain the following model 

h(t,) = vec [H(t.)] = (At  @ A,X)vec [W(t,)] . 

h(t,) = h(t,) + n(t.). (9) 

Hence, h(tn) E CnT(h(t,), C ) .  It is further assumed that 
the noise due to estimation error is spatially and temp- 
rally white, i.e. , C = oI n-here o denotes the variance. An 
interesting example where this assumption holds is when 
unitary training signals are used. Unitary t,raining signals 
are a reasonable choice since it has been shown that such 
signals maximize capacity 181. Sampling or estimating the 
channel matrix Nnl times gives t,he following stacked ma- 
t.rix model 

(At @ A,X)vec [W(ti)] 
(At @ A,X)vec [W(t,)l 

+n = h+n. 

'(10) 
Note that hisanA4tAl,Nnrxlvectorand thatthemodelin 
(10) represents a parameterized channel model with param- 
eters a,  w ,  a,, n,, and noise variance o. We define ar = 

[ a l , a z , .  . .,a'] and w,61t, and 61, similarly. For analysis 
purposes, all the parameters will be stacked into one real 
valued parameter vector 0 = [a, Re[u],Im[a], w ,  nt, 61,]. 
Except for the scalar o, all the parameters are L x 1 vec- 
tors, making the parameter vector 0 a ( 5 L +  1) x 1 vector. 

111. LOWER BOUND ON PREDICTION ERROR 
Prediction of the hlIhlO channel is based on observ- 

ing the channel during i V ~ r  samples as in equation (9). 
The channel samples h(tl), . . . ,h(tNA,)} are called the 
measurement segment and used to estimate the chan- 
nel in the prediction segment {L(tNn,+i), . . . , h(tNn,+Np)} 
where the : denotes an estimate. This is achieved by first 
estimating the model parameters 6 and then using the es- 
timated parameters to extrapolate the model in (2). Note 
t.hat the channel samples of the measurement segment can 
be obtained via training using any type of channel estima- 
tor or by employing joint symbol and channel estimation. 
The estimation/prediction error a t  any time t ,  given esti- 
niated parameters 8, can be expressed using (2) as 

{ -  

.. L 
e( t )  = h(t) - h(t) = (at,! @ Q,,l&eJ""- 

.1=1 

at,! @aT,ialdw~t).  (11) 

Observing that the channel simply represents a non-linear 
funct,ion of the parameters 0, a lower bound on the covari- 
ance matrix of any unbiased est.imator h can be found using 
the Cram6r-Rao lower bound. Using a vector formulation 
of t,he CRB for functions of parameters [Il l ,  the bound can 
be written as 

E h(t) - h(t)) P ( t )  -h(t))"] 2 H'BH", (12) [( 
where B denotes the matrix defining the CRB of the pa- 
rameters 0, and H' is the (AftAf?)  x (5L  + l) Jacobian 
matrix 

.., -1. (13) H' = [@ Be2 ae,,,, 

It is straightforward but tedious to  evaluate all the deriva- 
tives used in forming the above matrix; see (181 for details. 
The CRB for the parameters 0 can be calculated using 
Bangs formula [3] which results in a compact derivation 
given the above model and parameters. Using Bangs for- 
mula, the CRB matrix can be expressed as 

where I(@) is called the Fisher matrix. Inserting the ex- 
pressions for the derivatives, a block structure of the Fisher 
matrix I(@) results. By collecting the expressions for the 
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individual blocks for the Fisher matrix, the block structure 
of the total Fisher matrix can be written as 

is the following Root Alean Square Error (RLISE) measure 

(15) where L denotes the prediction horizon and 1 1 .  I I F  denotes 
0 

the Frobenius norm. This error measure essentially repre- 
0 P; P; P: P a  P g  sents a bound on the average error of all the elements of the 
0 PT P: PT P; Pl0 channel matrix H, so that the error levels for the LIIAIO 

0 Pif P; Ps P6 
I(e) = 

and SISO cases can be fairlv ComDared. 
The expressions for P1-Plo are given by 

A .  Channel Parameters 

PI = 0 [W" (IN,,, C3 AfAt 0 A:AT) W] 

Pz = ? rJ [W" (I Nnr 8 A ~ A ~  o A:A,X) D,] 

(16) 

(17) 

P 3 = -  [ w ( I ~ ~ ,  8 A,HD, a A ~ A ~ X )  "1 
p4 = - 0 [w" (INA, ~3 A ~ A ,  o A ~ D ~ X )  w] (19) 

p5 = 0 2 [D? A;A~ o X"A:A,X) 6-1 (20) 

p 7  = - 0 [D,H (INA, ~3 A , H A ~  o XHA:D,X) w] (22) 

P* = 0 1 [Wi"(I 8 D ~ D ~  o X"A;A,X) w] (23) 

plQ = - 0 [w" (I,v.>, ~3 A , H A ~  o X ~ D ~ D , X  w 175) 

(18) 0 
2 

) - 1  2 H  
p6 = - 0 [DL (IN,, 8 A p t  O X H A : A , X  w (21) 

2 

7 

0 
p9 = = [ W" (I,v.\, ~3 D;A~ a X"A:D,X) w] (21) 

1-1 . -  2 

where 0 denot,es an element-wise matrix product, 7 and 
denote real and imaginary parts, respectively. Fur- 

thermore, W = [W(t,)", . .  . , w ( t N l r ) H ]  ~ [p3&,l:,j = 

[aw:.j/auj], IDtl:,j = [a[At]:.j/aRt,jl, and [D,],,j = 
laIA~l:.j/aR,.jl. Finally, t.he average prediction error can 
be bounded as 

E [Ile(t)ll$] 2 Tk [H'BH"]  EO(^), 

H 

(26) 

To reduce the complexity of the model it is assumed 
that the different parameters 0 = [a, a: w,  ai, n,] are inde- 
pendent, nhich is a reasonable assumption. Furthermore, 
the scattering parameters a are assumed to be Gaussian 
dist,rihuted: a, E C N ( 0 , l ) .  The Doppler frequency of 
pat.h 1 can be derived from a physical viewpoint to be 
WI = kAz sin& = 2rr+sin&, where Az is the distance 
separat.ing consecutive samples. Hence, instead of defin- 
ing the Doppler frequencies directly, A, is specified and 
a uniform distribution for the angle bet,ween propagat,ion 
pat.h 1 and the direction of travel 01 E U[O:2rr) is assumed. 
Finally, ULAs are assumed at both the trailsmit.ter and re- 
ceiver with element separation distances dt and d,. The 
DOD and DOA for pat,h 1 are defined as RtXl = kdt sin 
and R7,1 = bd, sin &J where t.he angles are assumed to be 
uniformly distributed as &,, &J E U[O. 2%). Of coursel 
other angular densities can also be explored but a uniform 
distribut,ion is assumed here to reduce the number of sce- 
nario parameters. 

\Bith the above parameter distributions. the arerage 
channel pover can he found to be E [llH(t)ll$] = Lhft.Uv~ 
reducing the expression for the normalized predicrion error 
to 

TrIH'BH'"] , . ' 

(28) 

Furthermore, the SNR in the following simulations is de- 
fined from equation (9) to be 

E(L) = d LAl,h% ' ,, 

(29) 
E [llh(t)l121 - - 4 SNR = 

where B is the CRB expression given in (15)and H' is given 

to the prediction segment but can he applied to any t once 
the model parameters 0 are estimated. Hence, the above 
expression can also be used t,o quantify the estimation error 
as a function of any model parameter such &s observation 
length or number of receive antennas. 

in (13). Note that the error expression in (26) is not limited E[lln(t)1I2l 0' 
However, to keep a fixed SNR independent of the nuniber 
of paths in the channel, the additive noise would need to 
be changed accordingly. Therefore, to avoid this, the noise 
power will he held fixed instead of the SNR. 

Iv. NUMERICAL EV.4LUATlON B. A Two Path Scenario 

In this section, the bound on channel predict,ion is eval- 
uated for several different scenarios. Several performance 
measures have been proposed in the literature for SISO 
channel prediction 11, 191. Hourever, the introduction of 
multiple subchannels in the AIIMO case requires a new per- 
formance measure. A natural criterion in the AfIhIO case 

To display t,he fundamental behaviour of t,he prediction 
bound, a channel scenario xvith only two propagation pat,hs 
will be considered first. A noise power of -20dB is assumed 
and the element separation distance at both transmitter 
and receiver is one half-wavelength, i.e. dt = d, = X/2. 
The parameter values were generated randomly according 
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Fig. 1. Average normalized prediction error c(L)  for a SISO system Fix. 2. Average prediction length L,  for various M h l O  systems 
and a .!It = Af,  = 2 hlIhlO system wrsus prediction horizon. versus measurement length. 

to the distributions given ahove and the results shovn r e p  
resent the average of 300 channel realizations. Further- 
more: the measurement length consists of h'j,, = 50 sam- 
ples taken uniformly over a distance of 1OX. 

The normalized prediction error = ( L )  for a SISO sgstem 
and a A J ,  = r l l ,  = 2 MIA10 system is shown in Figure 
1 for various prediction horizons L betveen 0 and 2OX. 
Note that the estimation error is plott.ed for measurement 
lengths corresponding to negative L values. I t  is clear t,hat 
t.he bound grom rapidly with the prediction horizon. Fur- 
thermore. it is reasonable that the smallest error occurs in 
the middle of the measurement segment since both future 
and past channel samples contrihute to a lower error in 
that case. Increasing the length of the measurement seg- 
ment or decreasing the measurement noise a will lower the 
error. I t  is also clear that the prediction error is signifi- 
cantly reduced for the 2 x 2 system. This indicates that. 
the draa.hack of having to estimate the angular directions 
for the 2 x 2 system is compensated for by the Fact, that the 
2 x 2 systems has three more samples per snapshot tkian 
the 1 x 1 system. 

C. .4 Ten Path Scenario 

A more realistic channel model will consist of mote mul- 
t.ipath components, i.e., a larger value for L.  Previous 
investigations [lo] haw shown that a limited number of 
complex sinusoids is all thbt is required to reproduce a 
Rayleigli fading channel. Furt,hermore, i t  was reported in 
121 t,hat out,door measurements in downtown Austin,TX, 
were in general well described with 3-8 mukipath compo- 
nents. Here, a channel with L = 10 will be considered For 
channel prediction. 

Generating Doppler frequencies and directions of depar- 
ture and arrival a t  random gives rise to an ident.ifiahility 
problem. If two paths have very similar parameters, the 
C.RB matrix xvill he poorly conditioned and the estima- 
tion procedure will fail. Finding identifiability conditions 

for this problem is in general fairly difficult and is still an 
open research problem. However, for practical purposes 
tvo  paths with similar parameters may be combined into 
one with reasonable prediction performance. The analysis 
of the performance bound for SISO systems in [19] essen- 
tially handled this problem by renioving paths until the 
CRB matrix was Full rank. Fortunately, identifiability is 
less of a problem in the hIIA,IO case since more observables 
are available. For instance, for each matrix channel sam- 
ple, four scalar samples are obtained for a 2 x 2 system and 
nine for a 3 x 3 case but in both situations the number of 
unknown channel paranieters remain t,he same. Simulation 
results using ten paths indicate that identifiability is only 
a problem for SISO systems and even for 2 x 2 systems it 
is very rare to obtain a channel realization with a rank d e  
ficient CRB niat.rix. In this paper, identifiability issues are 
avoided by removing 5% of the channel realizations whose 
CRB mat.rix had the highest condition number. 

The prediction length L, is defined as the maximum pre- 
diction horizon with a normalized prediction error less than 
0.05, i.e. € ( L E )  < 0.05, and is shown in Figure 2 versus 
measurement length. Here, the measurement length is in- 
creased vhile keeping the number of samples constant, cor- 
responding to increasing the distance Ax between channel 
samples from 0.04-0.2OX. Again, the results represent the 
average of 500 channel realizations wit,h a noise power of 
-20dB. It  is clear that  increasing the measurement length 
decreases the prediction error and hence also increases the 
prediction length L,. However, the more interesting re- 
sult is that the prediction length is substantially longer for 
hIIAlO systems than for the corresponding SISO system. 
This is especially important for practical MIA10 channel 
prediction where the channel parameters usually are t i m e  
varying? limiting the measurement length. For example, 
SISO prediction is possible only 0.05 X ahead while for a 
3 x 3 system the corresponding distance is 1OX. This perfor- 
mance gain is achieved since more of the spatial structure 
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Fig. 3. Average normalized prediction error e (L)  for various hlIhIO 
systems versus number of paths. 

of the channel is revealed by using more antennas. In fact, 
going from a SISO t,o a 3 x 3 system does not require more 
than 2L extra paramet,ers to be estimated, while a t  the 
sanie time nine samples instead of one is obtained for each 
channel snapshot,. Hence? it is expected that the prediction 
performance should improve. Similar effects are also risible 
when rising an array only at one end of the link, as shown 
in Figure 2. However, the performance gains are obviously 
smaller since less observations are available. 

The abilit,y to predict, the channel depends strongly on 
the number of paths since the behaviour of the channel be- 
comes more random as L increases. The prediction length 
L,  \-ersus t.he number of paths is shoxn in Figure 3 for 
various numbers of antennas. Fifty channel samples were 
collected over a measurement length of 5X and the results 
represent the average of 500 channel realizations with a 
noise power of -20dB. It is evident t,hat performance drops 
rapidly as L is increased. Hence, environments wit,h signif- 
icant niultipath such as indoor environments will likely be 
harder to predict than outdoor environments with less niul- 
tipath. Again. it is clear that employing antennas at bot.h 
transmit and receive can substantially increase prediction 
performance. Just employing an array at one end provides 
some performance gain but less than t,he dual array case. 

V. CONCL~~SIONS 

Several authors have addressed channel prediction for 
SISO channels and found that only relatively short, pre- 
diction lengtbs are possible. Hence, the pot.entia1 gain of 
employing channel prediction has been limited. This paper 
derived a performance bound for hlIhlO channel prediction 
and analysis of t,hat bound indicated that BIIhIO channels 
can offer longer prediction lengths than traditional SISO 
channels. An intuitive interpretation of this result is t.hat 
more of the channel structure is revealed when using multi- 
ple antennas. Furthermore, channel prediction was shown 
to be part.icularly useful in hIIhIO systems since better 

prediction performance is possible and since the improved 
performance is much more critical than in the SISO case. 
Also, the performance bound derived in this paper can be 
used to investigate the gain of using prediction with cur- 
rent space-time coding schemes and its impact on channel 
capacity. 
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