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Abstract: A novel framework of multiple antenna systems,
which combines smart antennas ( SA) with multiple-input
multiple-output (MIMO) at the receiver, is proposed. The
uplink SA-MIMO
optimization problem corresponding to the uplink capacity of
the single-user SA-MIMO system is deduced. Then the closed-
form expression of the capacity is obtained in the case of equal

system is investigated. The joint

power allocation and the same direction-of-arrivals ( DOAs)
from different transmit antennas at the same antenna array,
and an upper bound of the capacity is also given in the case of
different DOAs at the same antenna array. After that, for the
general case, a suboptimal method for the capacity
optimization problem is presented. Some numerical results are
also given to compare the capacities of conventional MIMO
and SA-MIMO systems and show that the proposed method is
viable.
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s well known, the multiple-input multiple-output

(MIMO) system with multiple antennas at both the
transmitter and the receiver in a richly scattering environ-
ment can significantly increase the capacity of wireless
channels without requiring additional power or band-
width "', But the advantages of MIMO systems tend to
be lost around the cell edge areas for two principal rea-
sons. The first is the low signal-to-noise ratio (SNR) and
inter-cell interference with the low frequency reuse factor.
The other is the increase in the signal correlation for dif-
ferent antenna elements. To overcome the problem found
in traditional MIMO systems and provide higher data
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rates, wider coverage and better quality of service (QoS)
in the cell edge areas, many new frameworks of multiple
antenna systems have been suggested to extend conven-
tional MIMO systems ""*'. The distributed antenna sys-
tem (DAS) was investigated in Refs. [3 —5] whose basic
idea is that all antennas are geographically separated from
each other and connected by optical fibers to a central
processor where all signals are jointly processed. The
downlink performance of single cell and multi-cell MIMO
relay networks was analyzed which took into account MI-
MO technology in fixed relay networks in Ref. [6]. Ref.
[7] provided a propagation measurement campaign of a
MIMO two-hop relay network in a 5 GHz band in an
L-shaped corridor environment with various relay loca-
tions and a relay placement estimation scheme to identify
the optimum relay location. A brief survey of cooperative
MIMO, the basic idea of which is to group multiple de-
vices into virtual antenna arrays to emulate MIMO com-
munications, was provided in Ref. [8].

However, the improvement of performance in the
above-mentioned multiple antenna systems comes at the
price of increased cost, space and computational com-
plexity due to the individual power constraints of each an-
tenna, the cooperation algorithm and the hardware limita-
tions. In this paper, a new smart antennas-MIMO ( SA-
MIMO) system with the total power constraint of all an-
tennas is studied. The basic idea of the SA-MIMO is to
replace each antenna of traditional MIMO systems with a
smart antenna array. Smart antennas, which can suppress
the interference coming from different directions by beam-
forming and hence can make the cell have a wider cover-
age and greater user capacity """, are considered as a
transmission technology of the single channel current in
the 3rd generation of mobile communication systems
(3G) standard. And the MIMO technology provides mul-
tiple independent transmission channels that can increase
system throughput in a long term evolution (LTE) stand-
ard. However, a key fact to note is that a richly scatter-
ing environment also suffers from high loss. Smart anten-
nas technique improves power gains and increases the
SNR which lowers the path loss. Thus, it is of great in-
terest to investigate the combination of the MIMO system
and smart antennas in order to ensure the future system a
smooth evolution, make the most of existing system re-
sources, avoid extensive redesign of antennas and the
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feeder system as much as possible, and reduce difficulties
of network arrangement and cell-site selection. However,
the investigation of the SA-MIMO is rare in the current
literature.

In this paper, we propose an SA-MIMO system, which
is different from the traditional MIMO systems and other
multiple antenna systems, i.e., the DAS and the cooper-
ative MIMO system. For the single-user uplink SA-MI-
MO system, we first propose an optimization model.
Then we investigate the capacity of the single-user uplink
SA-MIMO system in some cases. For the general case, it
is difficult to derive closed-form solutions of the optimal
beam-forming vectors to the capacity optimization prob-
lem. This paper presents a suboptimal method for the ca-
pacity optimization problem, in which the beam-forming
vectors are obtained by maximizing the squared Frobenius
norm of the channel matrix.

1 Statement of the Problem
1.1 System model

Consider an uplink SA-MIMO system which is shown
in Fig. 1. The user transmitter has N antenna transmitting
uplink signals, whose mutual distances are greater than
the half wavelength of the carrier wave such that all the
transmit channels are independent of each other. At the
receiver base station, there are M antenna arrays, each of
which has L elements whose mutual distance is less than
half the wavelength. In addition, all the M antenna arrays
are mutually so far that their receive channels are inde-
pendent of each other.

N
User AL

Fig.1 Single-user uplink SA-MIMO system model
Let h

mn

be the microscope fading coefficient between
the n-th transmit antenna and the m-th receive antenna ar-
ray for |l <m<M and 1 <n<N. The channels are flat
Rayleigh fading, i.e., h, ~ CN(O, 1), where x ~
CN(u, o) means that x is complex Gaussian distributed
with mean y and variance ¢.

Denote the beam-forming vector of the m-th array at
the receiver as @, = {w,, 1, @, s --» @, , ) With [|@, || =
1, where || - || is the Euclidean norm of a vector. Leta,,
=a(@,,) be the steering vector of the m-th antenna array

mn

with respect to the n-th transmit antenna, where 6, is the
angle of departure from the n-th transmit antenna to the
m-th receive antenna array. s,,S,,:**,Syand p,,p,,***,Py
represent the transmitted signals and powers at the N an-
tennas, respectively. Then the received signal at the m-th

antenna array after beam-forming can be written as
N
Ty = 28, oo, ,a,) +{0,.z2,) =
n=1
N
z s” mhﬂlll + Zm (1)
n=1

where 2, = {2, ,2,5, " »Zn, | ~CN(0,0°1,) is the
noise vector at the m-th antenna array; { - , - ) denotes
the Euclid inner product of two vectors; h,, =h, {w,,
an) s Zp = 0,,2,)-

By stacking the received signals of all the antenna ar-

. T
rays into r = {r,,r,,-:+,r,| , we have

r=HPs +z (2)

where 2= {2,,2,,", 2, ', s =1{8,,8,,~,s,} ", H=

(M) snns P=diag[ /b, /Py sy /Dy 1.

1.2 Information-theoretic capacity

Let W= {w,,w,,
circularly symmetric complex Gaussian vector with covar-
iance matrix E {ss' | =1, the instantaneous capacity of
the SA-MIMO system for each channel use can be formu-
lated as

-, w, |. If the input signal s is a

1
C= max{logzdet(IM + 7HPPHHH)}
w.P o
Vow,eW

m

s. t. ||a)mH=1,

N
Tr(PP") = Y p, =P

n=1

H= (hmn<wm ?amn> >lsmSM,1§n§N (3)

where ()" denotes the complex-conjugate transpose of a
vector or matrix.

1.3 Analysis of the capacity

In this section, we investigate the capacity in the case
of equal power allocation.
Denote p = P/¢”, and let A,(i=1,2,--,M) be the ei-
genvalues of matrix HH".
by e hyy
Denote H,, , =| , and let A,,A,, ",
By o gy
A,, be the eigenvalues of the matrix HH".
In the case that the DOAs from all the
transmit antennas are the same in a receive antenna array,
a,=a,="=a, =a,, and the power is alloca-
ted to the transmit antennas equally, the capacity of the
SA-MIMO system can be formulated as

C = ﬁlogz(l +%;\,.) (4)

Theorem 1

1.e. ’ m2 m?
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if and only if the optimal beam-forming vector can be
written as

- M (5)

Proof If the DOAs of all the elements of one smart
antenna array are the same, the channel matrix H can be
written as

H=WH (6)
where
w'a, 0
WMXM = )
0 w,a,

Moreover, if the power is allocated to the transmit anten-

nas equally, Eq. (3) can be further written as
Clw) = max{logzdet ( J]%WFIEH( W' +1, ) }

lo, =1 m=1,2,-M (7)

Using singular value decomposition (SVD) , we have

HH" =U"AU (8)

where U is a unitary matrix, and A is a non-negative di-

agonal matrix whose diagonal elements are the singular

values of the matrix HH", i.e., A =diag(A,,A,, ",

Ay). Then, using det(I +AB) =det(I + BA), we ob-

tain

logzdet( %WFEHWH + IM) =
logzdet( %ZTJW”WTJ“ +1M) 9)
To simplify the rest of the derivations, let
A=UW'WU", B :%ZA +1,

It is obvious that B is a positive definite Hermitian ma-
trix. Now, from the Hadamard theorem''’ | we obtain

= logzﬁ (1 + A, %AH)

i=1

log, HB,, (10)
i=1

where A, and B, are the diagonal elements of A and B,
respectively. In Eq. (10), there can be equality only if B
is a diagonal matrix. If A is a diagonal matrix, B is a di-
agonal matrix. So Eq. (10) is established only when A is
a diagonal matrix. According to the expression of A, it
can be known that all the diagonal elements are independ-
ent. Therefore,

M
= 2 ‘“’/Ha/
izl

‘ 2
MU

M
2
:LZ\%V:L
J=
(11)

there can be equality if and only if e, is

M
> oo Flla I [ u,

In Eq. (11),
given by

M (12)

And after substitution, the capacity can be written as
M
= 1 P
) og(1+82.L)

if and only if the beam-forming vector is given by Eq.
(12).

Denote || H ”; as the squared Frobenius norm of H.
Then || H ||i~ in the single-user uplink SA-MIMO system
can be written as

IHI; = (13)

‘a a” o,

mn™" mn

Z (3 I,

n=1

Define A,

Z ‘ hmn

be the maximum eigenvalue of A .

In the case that the DOAs from different
transmit antennas are not the same in a receive antenna ar-
ray, the upper bound of the capacity of the SA-MIMO
system with equal power can be written as

C = logzﬁ(l +ﬂ)\ )< RIng(l +L2Ammax)

} (14)

m=1,2,---,M, and

nm mn 9

let A m,max
Theorem 2

where R is the number of singular values of matrix HH".
Proof In the case of equal transmit power allocation,

—I _pa‘ =—I,, Eq. (3) can be written as

i.e., PP"
1.¢., NN N

Clw) = m‘?x{logzdet(%HHH +IM)}

lo,l.=1  m=1.2,-M  (15)

Let A\, Ay, -,
HH". From the theorem of the arithmetic and geometric
means, we obtain

A, be non-zero eigenvalues of matrix

logzdet(%HH" +1M) = logzlj(l + J]%A,.)S

e 3 (1+ £ )/R) = Rog. (14 £,5 1)
(16)
with equality when

Ai=A, == (17)

[11]

From the Rayleigh-Ritz theorem" *, we obtain

R
N A, =Tr(HH") = |H|} =

i=1
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M N M
2‘1 w:( Z ‘ hmn ‘Zamnaﬁn )wm g 21 Am,max ( 18)
m= n=1 m=

In Eq. (18), there can be equality when w, is the

main eigenvector of A, , where
N
A, =Y ln,la,a, (19)
Namely,
Amwlﬂ = Am,maxwm
||w’7’H:1’ szl,z"",M (20)

So the upper bound of the capacity of the SA-MIMO
system with equal power can be written as

R

C = logZH(l +JI%A‘.)S Rlogz(l +ﬁ\l§1‘/\")$

i=1
M

Rlogz(l +LN ]/\m,max) (21)

m=

with equality when Eqgs. (17) and (20) are true.

2 Method for Determining the Beam-Forming
Vectors

For the general case, it is difficult to derive closed-
form solutions of the optimal beam-forming vectors to the
capacity optimization problem (3). Moreover, although
the optimal beam-forming vectors can be found numeri-
cally, these methods are complicated, and may not be
feasible for practical applications. Here, we present a
suboptimal algorithm for determining the beam-forming
vectors based on the maximum eigenvalue in this paper.

In Ref. [ 12], an equivalent scaled AWGN channel in-
duced by the space-time block code for complex constel-
lations was given as

r=|H|.Ps+z (22)

In many other cases, | H | + also has some relationship
with the channel quality. Based on the above facts, a
suboptimal method for the capacity optimization problem
is presented, in which the beam-forming vectors are ob-
tained by maximizing || H || i

Lemma 1"
be the maximum eigenvalue of A. If | x| = 1,

Let A be a positive definite matrix and
Amax
maxx"Ax = A

llx k1 e

responding to the eigenvalue A . .
Recalling the definition of the principal submatrix A, ,

~H —~ P .
=X AX, where X is an eigenvector cor-

m=1,2,--- M, let w, be an eigenvector corresponding
to the eigenvalue A, ...
If w, =w, form=1,2,--- M, we can obtain the max-
imum value of ||H ||’ in Eq. (6), i.e.,
M M N
max [HZ =Y A, = )" S |n, la,.a,,)®,
e, IF1 e et e B
(23)

where

A w"

m<m

=1,

=X O

m,max

Vm=12,- M

(24)

| e,

So we generate the suboptimal beam-forming vectors to
solve the capacity optimization problem by the above
method.

3 Numerical Results

Monte Carlo simulations are carried out in some cases
to compare the capacities of SA-MIMO and conventional
MIMO systems. We denote an SA-MIMO system with N
transmit antennas and M receive antenna arrays, and each
array owns L elements by an N x (M,L) SA-MIMO sys-
tem.

Fig. 2 depicts the ergodic channel capacity of the MI-
MO system and the SA-MIMO system for various values
of SNR with N=2, M=2, L=4and N=4, M=4, L=
4, respectively. It is shown that smart antennas can bring
significant capacity gain for the MIMO system without
additional spatial degrees of freedom. It is also evident
that the upper bound is actually very tight for the consid-
ered system.

—— 2 x2 MIMO

351 - 2 x (2,4) SA-MIMO

—— 2x(2,4) SA-MIMO
30 upper bound

251 ¢ 4 x4 MIMO
—— 4 x(4,4) SA-MIMO
20| =+ 4 x (4,4) SA-MIMO
upper bound

-Hz 1)

. s-l

151

Capacity/ ( bit
S
T

SNR/dB

Fig.2 Ergodic capacity comparison between MIMO system
and SA-MIMO system

The following simulations are performed by the pro-
posed method for determining the suboptimal beam-form-
ing vectors. All the simulations are performed under the
assumption that the transmit power is equally allocated.

NIA denotes an algorithm that the optimal solution of
the capacity problem in the SA-MIMO system is obtained
by numerical iteration. MEV denotes the method that the
optimal beam-forming vectors are obtained by the main
eigenvector method.

Case 1 The same DOAs of one smart antenna

Fig. 3 depicts the capacity of the three systems, with N
=M =2 and L =8. It is observed that the capacity ob-
tained by the MEV method is equal to the optimal capaci-
ty in case 1. This result also validates theorem 2.

Figs.4(a) and (b) illustrate the radiation patterns of
the two smart antenna arrays at the receiver for the 2 x
(2,8) SA-MIMO system for case 1, the beam-forming
vectors of which are determined by MEV. It is shown
that the pattern gains on the corresponding angles are in
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18 =% 2 x2 MIMO
—--2x(2,8) SA-MIMO

16F  pased on NIA
=< 14} - 2x(2,8) SA-MIMO
E based on MEV
12
‘% 10

Capacity/ (bit *
2

1 1 |
0 5 10 15 20
SNR/dB

Fig.3 Ergodic capacity comparison for case 1

the periphery of the peaks, so that the smart antenna will
attain a capacity gain.

10 -
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% -20
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W
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Fig.4 Two smart antenna patterns for case 1. (a) The first
smart antenna pattern ( DOAs are 105°) ; (b) The second smart antenna
pattern ( DOAs are 167°)

Case 2 The different DOAs of one smart antenna

Fig. 5 depicts the capacity of the four systems men-
tioned above, where N=M =2 and L =8. It is observed
that the gap between the capacity obtained by the MEV
method and the optimal capacity is small. It indicates that
the performance of beam-forming vectors obtained by
MEV is acceptable.

Fig.6(a) and Fig. 6(b) illustrate the radiation patterns

00 o 2 x2 MIMO
18 F—— 2 x(2,8) SA-MIMO
= 16l based on NIA
N —— 2x(2,8) SA-MIMO
o141 based on MEV
712
]
= 10
=
} 8
g 6
g
O 4
2 ! ! 1 1
0 5 10 15 20
SNR/dB

Fig.5 Ergodic capacity comparison for case 2

of the two smart antenna arrays at the receiver for the 2 x
(2,8) SA-MIMO system, the beam-forming vectors of
which are determined by MEV. It is shown that the pat-
tern gains on the corresponding angles are in the periphery
of the peaks, so that SA will attain capacity gain. Such a
gain is due to the use of a smart antenna array, rather
than diversity.

10 -
100

—-10 P

20+

Gain/dB

=30

—40

1 1 ]
100 150 200

1 1 1 1
-150-100 -50 0 50
DOA/(°)
(a)

10

0

-10

-20

-30

Gain/dB

- 40

-50

_60 1 1 1 1 1 1 1 |
-150-100 -50 O 50 100 150 200

DOA/(°)
(b)

Fig. 6 Two smart antenna patterns for case 2. (a) The first smart
antenna pattern ( DOAs are 8° and 100°, respectively) ; (b) The second
smart antenna pattern ( DOAs are 54° and 150°, respectively)

4 Conclusion

This paper investigates the uplink capacity of single-us-
er SA-MIMO systems. First, in the case of the same
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DOAs from different transmit antennas at the same receive
antenna array, we deduce the closed-form expression of
SA-MIMO systems with equal power allocation. In the
case of different DOAs, an upper bound of the capacity
with equal power allocation is derived. Then, for the
general case, we propose a suboptimal method for the ca-
pacity optimization problem in which the beam-forming
vectors are obtained by maximizing | H| i

Forthcoming work should be focused on analyzing the
capacity gain of SA-MIMO systems under the multiple-
user case in which the advantage suppressing interference
among users can be embodied.
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