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Abstract—The capacity of a multiple antenna system in Rician assumed to have perfect CSI. The capacity of a Rician channel
fading is considered under the assumption that channel state with receiver CSI when the transmitter has no knowledge of even
information (CSI) is available only at the receiver and that the hq Rice factor has been considered, for example, in [4], [5].
transmitter has knowled_ge of statistical properties of the fading We investigate the capacity of a multiple antenna system
process though not the instantaneous CSI. Tight upper and lower o : ; ; h
bounds for the capacity of such a system are derived and a new in Rician fading subject to the assumption that the transmitter
input signalling scheme that significantly outperforms the existing has knowledge of the value of the Rice factor and receiver
choices is also proposed. Itis shown that by exploiting the knowledge has the knowledge of perfect CSI. Since the evaluation of the
of Rician-nessat the transmitter, a much higher capacity can be ~ayact capacity of a multiple antenna Rician channel seems to
achieved for a multiple antenna system in Rician fading. The derived be an intractable problem, we will content ourselves with the
capacity bounds have been evaluated explicitly to provide numerical e g ' ; X
results in some representative situations. task of deriving tight upper and lower bounds for this capacity.
An easy lower bound was obtained in [6] by considering the
capacity of a system with input signals designed to be optimal

In recent years, there has been a significant interest in usfng a Rayleigh fading channel or a Rician fading channel when
dual antenna arrays in wireless communication systems due totthe transmitter has no knowledge of even the Rice factor. By
information theoretic results suggesting possible extraordinasgmparing this lower bound with an upper bound to the capacity,
capacity gains of multiple transmit and receive antenna systeaiso derived in [6], we will see that there is a large capacity gap
[11-[3]. between the upper bound and the lower bound obtained with

The most common model employed in the analysis of wirelesignals designed to be optimal for Rayleigh fading. This is not
communications systems is the Rayleigh fading model in whislurprising since the transmitter is not exploiting the information
the fading coefficients are assumed to be zero-mean, compgbeavided by the knowledge of the Rice factor when it simply
Gaussian distributed. The Rayleigh fading model is a reasonaéteploys the Rayleigh-optimal input signals in a Rician channel.
assumption for many fading environments encountered in prde-order to better use the knowledge about the Rician-ness of
tical communications systems. However, in environments whete fading process provided by the knowledge of the Rice factor
there is a strong direct Line-Of-Sight (LOS) path between thwee propose a new input signalling scheme for a system having
transmitter and the receiver, the complex Gaussian distributbe value ofx at the transmitter though not the exact CSI. By
fading coefficient should be modelled as having a non-zero meanalyzing, in terms of lower and upper bounds, the capacity of
giving rise to the Rician fading model. Thus, it is also of interest multiple transmit antenna system employing this new input
to investigate the capacity of multiple antenna communicati@ignal choice, we demonstrate that it indeed offers much higher
systems in the presence of Rician fading. In fact, since bathpacity than that achieved by signals designed to be optimal for
additive white Gaussian noise (AWGN) and Rayleigh fadinBayleigh fading or for Rician fading when the transmitter has no
channels may be considered to be limiting cases of the Riciamowledge of even the statistical properties of the fading.
model, the choice of a Rician model is a general approach to théThis paper is organized as follows: In Section Il we introduce
analysis of wireless communications systems. the multiple antenna system model and the assumptions on the

The Rician distribution is usually characterized by the Ridading process. In Section Il we recall the upper and lower
factor, x (see Section Il), which reflects the relative strength dfounds for the capacity of a multiple antenna system in Rician
the direct line of sight path component of the fading coefficierfiading with perfect receiver CSI and only the knowledge:ait
Whenk = 0 this model reduces to Rayleigh fading andsas—  the transmitter derived in [6]. In Section IV we propose a new
oo the fading becomes deterministic giving rise to an AWGNignalling scheme for a multiple antenna system with perfect-
channel. In both these cases if the transmitter knows whetl@8! at the receiver and only the knowledge of the value of the
the channel is Rayleigh or AWGN, we may interpret this aRice factor at the transmitter. We derive tight upper and lower
transmitter having the knowledge of the valuerofn a Rician bounds for the capacity of a multiple transmit antenna system
channel but not the instantaneous fading coefficients. In a simigith this new input signal choice. By comparing these capacity
way, for the general Rician model we consider in this paper,ibunds with that of the results obtained in Section IIl, we will
will be assumed that the transmitter has knowledge of the valsieow that the exploitation of the knowledge of the Rice factor
of the Rice factor though not the exact CSI. The receiver & the transmitter can provide significant capacity gains. Finally,

I. INTRODUCTION



we finish with some concluding remarks in Section V. and

II. MODEL DESCRIPTION M = L(1+j)\I/NR,NTa 4)

2
We consider a single user communication link in which the v2
transmitter and receiver are equipped wiflh and N antennas, Where ¥y, n,. is defined as theVg x Nr matrix of all ones.
respectively. The discrete-time received signal in such a systeniNext, let us define
can be written in matrix form as

n = max{Ngr,Nr} and m = min{Ng, Nr},
y(i) = H()x(i) +n(i) , @D
and
wherey (i), x(i) andn(:) are the complexVz-vector of received
signals on theVy receive antennas, the (possibly) compléx- W — { HHY if Nr < Np )
vector of transmitted signals on thér transmit antennas, and o HYH if N, > Np °

the complexNg-vector of additive receiver noise, respectively,
at symbol timei. The components ai(i) are independent, zero- Then, W is always anm x m matrix. It is known that when
mean, circularly symmetric complex Gaussian with independddtis distributed as in (2), the distribution &% is given by the
real and imaginary parts having equal variances; n@) ~ non-central Wishart distribution [7]-[9] with pdf
N (0,1y,), wherely, denotes theVp x Ng identity matrix. o
The noise is also assumed to be independent with respect to fiae( W) = e ETMMI R (n; 2T IMMA S TIW) £ (W), (6)
time index.

The matrix H(i) in the model (1) is theNy x Ny matrix Where in (6) fyy (W) denotes the (central) Wishart pdf:
of complex fading coefficients. Theig, nr)-th element of the 1 B
matrix H(i), denoted by(H(:)), , ., represents the fading fw(W) = ———— ™ Wiwpn-—m (7)
coefficient value at time between’them-th receiver antenna Lo ()2

and thenp-th transmitter antenna. ThH(i) corresponding to wh#ch results when the elements & are independent and

each channel use IS cor13|dered Fo be.|ndependent from th‘”‘fd%ntic::xl distributed (iid) zero mean Gaussian random variables,
cher channel uses, "H(Z.) an_dH(]_) are independent whenever, 4 e Bessel function of matrix argumedt, in (6) is defined

1 # j. As noted in [2], this gives rise to a memoryless chann s [8], [10]

and thus the capacity of the channel can be computed as the

maximum mutual information between the input and output - o

signal vectors andy. In this case, we may also drop the explicit ofi(m HH™) = /M(n)
time index,, in order to simplify notation.

We assume that the elementskfare Gaussian with indepen-whereH is anm x n complex matrix withm < n, U = [Uy, Us]
dent real and imaginary parts each distributed\V&g:/+/2,c%).  with U; being ann x m complex matrix and/[’U; = I,,,. Note
Moreover, the elements dfl are assumed to be independent ahat, in (8) H and (dU) denote the complex conjugate of the
each other. Then the elemer{),, , ~of H are independent matrix 7 and the normalized invariant measure on the unitary

nR,N

and identically distributed complex Gaussian random variablgsoupl{/(n), respectively. It can be shown that for a scala(8)

etr(HUﬁ,—TUﬁ (dU), (8)

(H), . ~ Ncgﬁa(l +4),20%), for ng = 1,..., Nz and reduces to
ny = 1,..., Np. Then, the distribution of the magnitudes of the . ) (1)
elements offf is Rician. ofi(n;r®) = T(n)r In—1(2r) 9)

In dealing with the Rician distribution, it is customary to . - .
: J ul? Y where I,(z) is the v-th order modified Bessel function of the
introduce the parameter = o> usually referred to as the Rlcef. . .

. o D 5 irst kind (v an integer) [11].

factor. Also we introduce the normalizatitm|* + 202 = 1. Note h | itivariat functioR in (6) i
that the Rician distribution reduces to the Rayleigh distributio(? i edcompsex multivariate gamma functiofi.»(a), in (6) is
when x — 0 (which implies that — 0). efined as [8]

When the elements dfl are distributed as described above we R ) m
call thatH is a complex normally distributed matrix, denoted as Cp(a) = mzmm=b H I'a—(k-1)). (20)
H ~ N.(M, Iy, ®X), with the probability density function k=1

(pdf) 7], [8] _ s
Note that, it follows from (10) thaf'; (a) = I'(a), whereI'(a)

fu(H) = ;e—tr[E’I(H—M)(H—M)H] (2) s the usual (scalar) gamma function.
(m)NrNr | 5[ Nr Note also that in (6) we have assumed, without loss of
where tr denote the trace of a matriE is the Hermitian 9generality, thatW = HH". We will continue to use this
covariance matrix of the columns (assumed to be the same $85€ throughout unless stated otherwise. We use the short hand

all columns) ofH and M = E {H}. For the assumed model, NOtationsW ~ Wy, (n, 2) andW ~ W, (n, 3, 2~ 'MM")
to denote thaW is Wishart distributed with pdf (7) and th&v

S = 2071y, (3) is non-central Wishart distributed with pdf (6), respectively.



I1l. CAPACITY OF THE MULTIPLE ANTENNA RICIAN FADING for k = 1 and x = 10. Included on the same graphs are the
CHANNEL corresponding capacity curves for the Rayleigh fading channel

As argued, for example in [6], the capacity achieving transmift =0 caS(_a). We obs'erve that, with the scaI(_ad identity covarian.ce
signal distributionx for a multiple antenna system subjectedl@trix choice, the Rician channel has a slightly larger capacity
to the average total transmit power constrabfx?x} < than _that of the Rayleigh channel and the capacity gap is more
P is circularly symmetric, zero-mean complex Gaussian wifominent for larger values ok. However, from Fig. 1 it is
E{xx"} = Q, where t{Q} < P, independent of the actualObserved that the two capacities converge to the same value as
fading distribution, as long as the receiver knows the exaltr - 0. )
channel fading coefficients, but not the transmitter. The capacityMore importantly, we observe from Fig. 1 that the upper

of the multiple antenna system is then given by [1] and lower bounds used above have a large capacity gap. Since
the lower bound above assumes a signal distribution which
CNpNg = max En{logdet(HQH"” +1y,)} (11) is optimal for the Rayleigh fading channel or for a system
Qo in which transmitter does not know the value of Fig. 1

Thus, in order to evaluate the capacity of the Rician chanri@fOngly suggests that the scaled identity matrix might not be the
(1) with perfect receiver CSI and only the value efat the form of the covariance matrix of the capacity achieving input
transmitter all we need to know is the optimal choice of thélgnal distribution for a multiple antenna Rician channel when
covariance matrixQ subject to the trace requirement imposegansmitter knows:. With better signal choices that exploit the
by the average power constraint. Rician-nessnherent in the fading distribution, we may be able

As k — oo, the fading becomes deterministic and the matr obtain higher capacities.

H has all its elements equal to unity. In this case the so callsf\g A NEW SIGNALLING SCHEME FORMULTIPLE TRANSMIT
water-filling algorithm [12] specifies the optimal covariance ANTENNA SYSTEMS IN RICIAN FADING

matrix structure of the capacity achieving Gaussian distribution . . i .
to be of the form [2]Q> = £ x.. whereW y.. is an Ny x Ny We propose the following choice for the covariance matrix of
matrix of all ones. N =2 ’ the zero-mean complex Gaussian distributed input signal

On the other hand, whefa= 0 (Rayleigh fading) the capacity . P
achieving distribution has a scaled identity covariance matrix of Q" = Nr(1+ k) (Iny + ¥y (15)

the form [1], [2] Q% = -1, . .
Thus, as argued in [6], for a channel with Rician distributeﬁhere’ as before¥ ;. is anNr x Ny matrix of all ones. Note

fading having a general value of, which is known to the tbat, Whe?ﬁ - ? th? Seco.”d ter][n Itr;l (15) IIS .Zﬁr? ;nd t?]us 'tl
transmitter, one would expect the covariance ma@xof the ecomes the optimal covariance tor the rayleigh fading channel.

T 1 K oo
capacity achieving distribution to lie in between these twg" the other hand as — oo itis easily seen thaQ" — Q

extremes. which is the optimal covariance for the AWGN multiple transmit

Applying Jensen’s inequality to (11), the following uppentenna channel. Thu€" reduces to the optimal covariance

bound for the capacity of a MIMO Rician channel with onlymatrix at the two extreme ends of the Rician fading.
fg]c_:elver CSI and transmitter known Rice factor was derived inwith this choice for the covariance matr@, the capacity of

the multiple antennae system becomes

s
N 1+Np kK
= log 1+ (Nr—Dr+ g2 N

ONpNp S o (Nr—1)log 1— rfir + R TP for0<x<oo
- log (1 4+ NpNgrP) for k — oo

Clponp = En logdet H Iy, +r¥y, H +1y,

P
NT(l =+ N)
Note that we may write¥ y, = ee’ where e denotes the

In [6], a lower bound for this capacity was also obtained by . —vector of all ones. Since the matrBl reduces to anVr
considering a the capacity of a system designed to be optimglgth row vector whenV; = 1, the capacity of the multiple
for Rayleigh fading (i.e. the capacity of a scheme that completejyitenna system in this case can be written as
ignores the available knowledge efin designing input signals).

In the special case of = 1, this lower bound was shown to Crp1=Ezw {log (N(fm (W + K,‘Z|2) + 1) } , (16)
T

be
> P where as usudl = HH? = SV | (H), |2 and we have
Cnr, > / lo (1 - W> W)dw, (12 nr=1 L
N Jo Ny )W) U2 fefinedz — eTHI — Sl (H),
where fw (W) is given by Since each(H),, . is an independent complex Gaussian

random variable of the formV.. (%(1 +j)7202), it is seen
that Z ~ M. (NT%(l +j),2NTa2). Hence with our earlier

e—fﬁ

Jw (W) = (%2) e~ |W|*T w I, <2wv W) ; (13)

with w defined as notation it can easily be shown thgt|? ~ W, (1, &z, NTn)
2
w? = n%, = nk(l+ k). (14) andW ~ Wi (NT» 1%{, NTK)- .
(202) It is clear that these two random variablBsand W are not

In Fig. 1 we have shown these bounds for a multiple antenimlependent and so we do not know their joint distribution, which
system withNr = 1, against the number of transmit antennais required for evaluating (16), although we have their marginal
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Fig. 1. Rician Channel Capacity for Single Receiver Antenna Versus Transmit Antennas—(a) (b) < = 10.

distributions. Thus we resort to capacity bounds and derive b@&hbstituting the pdf ofZ|?,

upper and lower bounds to the capacity of the multiple antenna , (1 + ) exp(—Nrr)
system with the proposed covariance matrix choice. In particularfiz2(z) = Ny exp(—
we obtain a tight lower bound on the capacity which shows th
the proposed choice of the covariance matrix is superior to
scaled identity covariance matrix for any non-zeraand, as
remarked earlier, is the same as that capacity wheno0).

A. Upper Bound forCy_

1 - -
R ) By (15 k(1 + K)2?)
Nt

Ao the right hand side of (20), and using (9) we obtain the
(?Iowing lower bound for the capacity of a multiple transmit
and single receiver antenna system in Rician fading with the

proposed covariance matrix:

1+ o P Iy (2
Applying Jensen’s inequality to (16), and noting that CK,TJEGTT:/ log (H_ﬁﬁerl) Oglfﬁ)/f)dz’ (21)
E{|Z]?} = &= (1+ Nrx) andE{W} = Nr, we have the 0 €

following upper bound for the capacity of a multiple transmitvherew is as defined in (14) (with. replaced byN7).
and single receiver antenna system in Rician fading with theFigure 2 shows the derived bounds for the capacity of a

proposed covariance matrix: multiple-transmit antenna system along with the capacity cor-
P o Npk2 responding to the scaled identity covariance matrix. From the
CRpa < log <1 t i (1 iRt Ty H)) -(17) " lower bounds shown on these figures it is clear that the proposed

signalling scheme achieves much higher capacity than that of
the scaled identity covariance matrix for sufficiently large values
of k or Np. It is also observed that the difference between the

It can be shown that in the special cases:of 0 andx —
oo, the upper bound (17) reduces respectively to,

C}i,j?l < log(1+P), (18) upper and lower bounds decreasesNas increases. From Fig.
and 2b we note that whem is large the upper and lower bounds
are almost the same unless the number of transmit antennas is
Npa < log(1+NpP). (19) very small. Thus, for large, a reasonable approximation to the

From the results in [2], the right hand side of (18) is in fact theapacity of the proposed scheme can be obtained by taking the
exact capacity of the system in this case (i.e. Rayleigh fading)/@&Je = asymptotic of the upper bound (17), which is seen to be
Np — oo. Hence, in the case of = 0 the upper bound (17) PNpr2
is achieved asV; — oo. Also, from [2], [6], the right hand CNpy =~ log (1 + e
side of (19) is the exact capacity of the system in this case of
k — oo for any value ofNy. Hence, whenc — oo the upper Figure 2 also shows this Iarge apprOXimation to the upper
bound (17) is achieved for any value df;. bound of the capacity. We observe that indeed (22) is a very good
approximation to the capacity even for relatively small values of

B. ITower Bound forC’y,, , ) ) k. Note also that (22) gives the exact capacity in the cases of
Since bothlV and Z are non-negative random variables we. — o andx — oo.

may lower bound the capacity in (16) as

) for k>1. (22)

Finally, it is worth noting that in these figures we have also

. Pk o included the capacity upper bound for a Rician channel with
Chrn 2 Bz {IOg <NT(1 +,{)|Z‘ T 1)} (20) receiver CSI derived in Section Ill. From Fig. 2a we observe
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Our results suggest that Rician fading could in fact improve the
capacity of a multiple antenna system, if the transmitter knows
the value ofx. This indicates that it is worth investigating the
design of signals for multiple antenna systems taking into account
the Rician-nessnherent in the channel fading process, when that
knowledge is available at the transmitter.
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