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Abstract—The reciprocity theorem is applied to derive an exact expression that is used to remove the coupling effects embedded in the receiving voltages of an antenna array. The correlation coefficients of the
multiple-input–multiple-output (MIMO) channel established with the antenna array is also modified to incorporate the direction-dependent coupling effects more accurately. The effects of mutual coupling on the channel
capacity of MIMO systems in a line-of-sight (LOS), as well as a multipath
environments, under different coupling assumptions, are simulated and
compared.

modes to achieve pattern orthogonality [9], and the reduction of the
correlation among MIMO antennas by inserting parasitic elements to
reduce mutual coupling [10].
In this paper, we derive a relation between the receiving voltages
and the open-circuit voltages at antennas of an array, based on the
reciprocity theorem. The channel capacity of MIMO channels is simulated under different coupling assumptions, to study the significance
of mutual coupling effects in different propagation environments. This
paper is organized as follows. The MIMO channel modeling is briefly
reviewed in Section II. The effect of mutual coupling on the correlation
coefficients is presented in Section III. The capacity with a waterfilling power distribution strategy, including mutual coupling effects, is
presented in Section IV. Simulation results are presented in Section V.
Finally, some conclusions are drawn in Section VI.

Index Terms—Channel capacity, multiple-input–multiple-output
(MIMO), mutual coupling, phased arrays.

II. M ULTIPLE -I NPUT –M ULTIPLE -O UTPUT C HANNEL M ODELING
I. I NTRODUCTION
Multiple-input–multiple-output (MIMO) antennas have been proposed to increase the channel capacity of wireless systems in an
environment filled with rich multipath signals [1], [2]. In modeling
a MIMO channel, it is generally assumed that the coefficients of the
channel transfer matrix are independent and identically distributed.
When the antennas are placed close to one another or when there are
fewer scatterers in between the transmitting and the receiving arrays,
the correlation coefficients will increase; hence, the channel capacity
will be reduced [3].
At smaller antenna spacing, the variation of mutual coupling among
antennas will affect the channel capacity more significantly. It was reported that mutual coupling may increase the channel capacity by
decreasing the spatial correlation coefficients under certain circumferences [4]. In [5], a network theory was used to derive the transfer matrix,
which includes the coupling effects among antennas in both the transmitting and the receiving arrays, the multipath propagation channel,
the receiver matching network, and the noise in the receiver amplifiers.
The spatial covariance matrix, which is critical to model a MIMO
channel, is determined by the power angular spectrum (PAS) and the radiation patterns of the antennas [6], [7]. In a wireless system where the
MIMO antennas are closely placed to one another, the radiation pattern
of each antenna will be distorted from its original design, leading to the
reduction of space diversity and pattern diversity. The coupling effect
should be incorporated in calculating the correlation coefficients.
Other techniques have also been proposed to increase the pattern
diversity, including the use of a compact broadband MIMO antenna
with separate antennas operating at independent modes to provide
multimode diversity [8], the use of an antenna supporting orthogonal
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A typical MIMO channel, which is composed of Nt transmitting
antennas and Nr receiving antennas, can be described as [11]
¯ · x̄ + n̄
ȳ = H̄

(1)

where ȳ contains Nr received signals, x̄ contains Nt transmitted
¯ is the channel transfer matrix of dimension N × N , and
signals, H̄
r
t
n̄ contains Nr independent Gaussian-distributed noise of variance σn2 .
If the transmitted signals x̄ are modeled as complex Gaussian
random variables, the channel capacity can be expressed as [11]
C=


¯ · R̄
¯ · H̄
¯†
H̄
xx
log2 det I¯ +
max
¯ :Tr R̄
σn2
R̄
{ ¯ xx }≤Pt
xx

(2)

¯,
where I¯ is an Nr × Nr identity matrix, Tr{Ā¯} is the trace of Ā
and Pt is the total transmitting power. The diagonal elements of the
¯ = E{x̄x̄† } represent the transmitting power
covariance matrix R̄
xx
¯ } ≤ P means the total
from each antenna, and the constraint Tr{R̄
xx
t
transmitting power cannot be larger than Pt .
¯ , it is reasonable to allocate the transWithout prior information on H̄
mitting power evenly among all the transmitting antennas, namely,
¯ The transmitting capacity is thus obtained as [1]
¯ = (P /N )I.
R̄
xx
t
t



I¯ +

CU = log2 det

Pt ¯ ¯ †
H̄ · H̄
Nt σn2



.

(3)

¯ is often characterized with statistical terms.
The transfer matrix H̄
Over a non-line-of-sight (NLOS) channel between two antennas, the
amplitude and phase responses can be fairly described with a Rayleigh
distribution and a uniform distribution, respectively [12]. Thus, the
¯ = E{h̄h̄† }, where h̄ =
channel can be completely specified with R̄
¯
¯.
vec{H̄ } is formed by stacking all columns of H̄
Assuming that the link between a single transmitting antenna and a
single receiving antenna is independent of another link, the covariance
¯ [13], where
¯ = R̄
¯ ⊗ R̄
matrix of the channel can be expressed as R̄
t
r
¯
¯
R̄t and R̄r are the covariance matrices of the transmitting and the
receiving arrays, respectively, and ⊗ represents a Kronecker product.
¯ can be reduced to [14]
Thus, the transfer matrix H̄
1

1

¯
¯2
¯ = R̄
¯ 2 · H̄
H̄
r
i.i.d. · R̄t
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IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 65, NO. 1, JANUARY 2016

399

where ρt,mn and ρr,mn are the correlation coefficients in the transmitting array and the receiving array, respectively, which can be computed
as [6]

ρmn

1
=
σm σn

π

π
dθ

dφ sin θ [χpθ (θ, φ)Emθ (θ, φ)

−π

0

∗
∗
(θ, φ) + pφ (θ, φ)Emφ (θ, φ)Enφ
(θ, φ)
× Enθ



(8)

where Eθ (θ, φ) and Eφ (θ, φ) are the θ and φ components, respectively, of the far-field radiated by the th antenna

π π
Fig. 1. Nt × Nr MIMO channel, with mutual coupling among antennas in
the same array.

¯
where H̄
i.i.d. is an Nr × Nt matrix of independent and identically
distributed (i.i.d.) complex Gaussian random variables, each with zero
mean and unit variance.
The average MIMO channel capacity (in bits per second per Hertz),
with the strategy of uniformly distributed transmitting power, can be
determined as [15]





SNR ¯ ¯ †
H̄ · H̄
CU = E log 2 det I¯ +
Nt

σ2 =

dθ
0

pθ (θ, φ) and pφ (θ, φ) are the PASs, and χ = Pv /Ph is the crosspolarization ratio, with

π
Pv =

(6)

¯ = (Z̄¯ + Z̄¯ ) · (Z̄¯ + Z̄¯ )−1 is the coupling matrix of the
where C̄
t
s
ant
t
s
transmitting array, Z̄¯t , Z̄¯s , and Z̄¯ant are the mutual impedance matrix,
source impedance, and antenna input impedance, respectively, of the
transmitting array [16].
Similarly, the receiving signals under the mutual coupling effect can
be expressed as
¯ · H̄
¯ · x̄ + n̄ = C̄
¯ · H̄
¯ · C̄
¯ · x̄ + n̄ = H̄
¯ · x̄ + n̄
(7)
ȳ  = C̄
r

t

Ph =

⎡
⎢
⎢

1

¯ =⎢
R̄
t
⎢

ρt,21
..
⎣
.
ρt,Nt 1

⎡
⎢
⎢

¯ =⎢
R̄
r
⎢

1

ρr,21
..
⎣
.
ρr,Nr 1

...

ρt,1Nt

1
..
.

...
..
.
...

ρt,2Nt ⎥
⎥
..
⎦
.
1
N

ρt,Nt 2

¯
¯ · Ē(θ , φ )
· V̄oc (θi , φi ) − Ḡ
V̄r (θi , φi ) = Z̄¯ −1 · Ā
i
i
¯ · V̄ (θ , φ ) + D̄(θ , φ )
= B̄
oc i
i
i
i

ρr,12

...

ρr,1Nr

1
..
.

...
..
.
...

ρr,2Nr
..
.
1

⎧
Vsm
⎪
⎨ ZLm It,mm (0) , m = n

ρr,Nr 2

Zmn =

⎪
⎩0,

m = n

⎧
Lm
⎪
2

⎪
1
⎪
It,mc (z  )ejkz cos θi dz  , m = n
⎪
I
(0)
⎪
t,mm
⎪
−Lm /2
⎨
Gmn (θi ) =

t ×Nt

⎥
⎥
⎥
⎥
⎦

⎪
⎪
⎪
⎪
⎪
1
⎪
⎩ It,mm
(0)

Ln
2



It,nm (z  )ejkz

−Ln /2

⎧
It (0)
⎪
⎨ It,mm (0) , m = n
Amn =
Nr ×Nr

(9)

¯; D̄(θ , φ ) = −Z̄¯ −1 · Ḡ
¯ (θ ) · Ē(θ , φ )
¯ = Z̄¯ −1 · Ā
where B̄
i
i
i
i
i

⎥
⎥

⎤

0

As shown in (7), the effects of mutual coupling on the transfer
¯ .
¯ is accounted for with the coupling matrices C̄¯ and C̄
matrix H̄
t
r
To calculate the correlation coefficients in (8), the radiation pattern
E (θ, φ) is approximated as that of an isolated antenna.
By applying the reciprocity theorem, the receiving voltages and the
open-circuit voltages at the input ports of the receiving antennas are
related as

⎤

ρt,12

dθ sin θ |Eiφ (θ, φ)|2

dφ

III. M UTUAL C OUPLING E FFECTS ON
C ORRELATION C OEFFICIENTS

B. Covariance Matrices
¯ and R̄
¯ have the explicit forms of
The covariance matrices R̄
t
r

π

where Eiθ (θ, φ) and Eiφ (θ, φ) are the incident fields.
In a typical wireless environment, incident waves can be attributed
to several clusters over the angular domain, each is commonly modeled
by a uniform, a truncated Gaussian, or a truncated Laplacian PAS [7].

c

¯ is the transfer matrix including the mutual coupling effects
where H̄
c
[17], and C̄¯r is the coupling matrix of the receiving array [18].

0

π

Fig. 1 shows an Nt × Nr MIMO channel, with mutual coupling
among antennas in the same array. The transmitted signals can thus be
expressed as
x̄ = C̄¯t · x̄

dθ sin θ |Eiθ (θ, φ)|2

dφ

−π

A. Mutual Coupling

π

−π

(5)

is the signal-to-noise ratio, and the expectation
where SNR =
¯.
value is taken over all possible channel conditions described by H̄



−π



Pt /σn2

r



dφ sinθ χpθ (θ, φ)|Eθ (θ,φ)|2 + pφ (θ, φ) |Eφ (θ, φ)|2

⎪
⎩0,

m = n



cos θi

dz  ,

m = n
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En (θi , φi ) = E0 ejk(xn sin θi cos φi +yn sin θi sin φi )


1
Vocm (θi , φi ) = −
E0 ejk(xm sin θi cos φi +ym sin θi sin φi )
It (0)

¯  of the transmitting array, including the
The covariance matrix R̄
t
mutual coupling effect, can be calculated in the same manner. In other
words, the receiving signals can be expressed as
1



×



dz It (z )e

jkz  cos θi

−Lm /2

with 1 ≤ m, n ≤ Nr ; Vsm is the source voltage of the mth antenna in
the transmitting mode; ZLm is the load impedance of the mth antenna,
which is assumed conjugate matched to its input impedance; It is the
current distribution on an isolated antenna; It,mm is the transmitting
current in the absence of the other antennas; It,mc is the current
coupled from the other antennas to the mth antenna; and It,nm is the
induced current on the nth antenna due to the mth antenna.
To focus on the coupling effects on the channel capacity, while keeping the simulation scenarios simple, we place both the transmitting array and the receiving array on the xy-plane, and assume that the signals
are incident at θin = 90◦ . Thus, the receiving correlation coefficients,
including mutual coupling effect, can be reduced to integrals over the
azimuth angle as
ρmn =

∗
dφp(φ)Vrm(φ)Vrn
(φ)

(10)

¯ · H̄
¯ · C̄
¯ · x̄ + D̄ + n̄
ȳ  = B̄
t

¯ · H̄
¯  · C̄
¯ · x̄ + D̄(φ) + n̄.
ȳ  = B̄
t
¯  = E ȳ  ȳ †  = B̄
¯ · H̄
¯  · C̄¯ · R̄
¯ · C̄
¯ † · H̄
¯ † · B̄
¯†
R̄
t
xx
yy
t
¯ · H̄
¯  · C̄
¯ · E{x̄D̄† } + E{D̄ x̄† } · C̄
¯ † · H̄
¯ † · B̄
¯†
+ B̄
t
t

π

+ D̄ D̄† + σn2 I¯

dφp(φ) |Vr (φ)|2 .
−π

With the direction-dependent coupling effects included, each component in (9) can be expressed as
Nr


where x̄ and D̄ are assumed uncorrelated to the noise n̄.
Using the definition in (2), the average channel capacity can be
expressed as
C=

bp Vocp (φ) + d (φ).

max

¯ }≤P
¯ :Tr{R̄
R̄
xx
xx
t



p=1





1 ¯ ¯ ¯ ¯
¯ † · B̄
¯ † + B̄
¯ · H̄
¯
· H̄ · C̄t · R̄xx · C̄¯t† · H̄
×E log2 det I¯+ 2 B̄
σn

Hence, the integral in (10) can be calculated as

π

¯ · E x̄D̄†  + E D̄x̄† 
· C̄
t

∗
dφp(φ)Vrm(φ)Vrn
(φ)
−π

π
dφp(φ)

=

N N
r 
r




·

∗
bmp b∗nq Vocp (φ)Vocq
(φ)

+

d∗n (φ)

Nr


¯ † · B̄
¯ † + D̄ D̄†
· H̄

.

(16)

IV. C APACITY W ITH WATER -F ILLING P OWER
D ISTRIBUTION S TRATEGY

bmp Vocp (φ)



p=1

+ dm (φ)

Nr


∗
b∗nq Vocq
(φ)

+

dm (φ)d∗n (φ)

. (11)

q=1



π
dφp(φ)

Nr Nr



∗
bp b∗q Vocp (φ)Vocq
(φ)

=

p=1 q=1

+ d∗ (φ)

Nr

p=1

To calculate the channel capacity with the water-filling power
¯  in (13), which includes
distribution strategy, the transfer matrix H̄
c
the mutual coupling effect, is substituted into (2) to have
¯  · R̄
¯ · H̄
¯ † 
H̄
xx
c
c
¯
E log2 det I +
C=
max
¯ :Tr R̄
σn2
R̄
{ ¯ xx }≤Pt
xx

Similarly, σ2 can be calculated as

−π

¯†
C̄
t

p=1 q=1

−π

σ2 =

(15)

The covariance matrix of ȳ  can be derived as

with 1 ≤ m, n ≤ Nr , m = n, and

Vr (φ) =

(14)

¯ · C̄
¯ · x̄, and the noise n̄ is superposed at this stage.
where V̄oc = H̄
t
When the correlation matrices of the transmitting and the receiving
¯ is transformed in the same way to H̄
¯ =
arrays are incorporated, H̄
1/2
1/2
¯
¯
¯
R̄r · H̄i.i.d. · R̄t ; hence, (14) is transformed to

−π

σ2 =

(13)

where the mutual coupling effects are included in the spatial correla¯ and C̄
¯ .
tion coefficients, as well as C̄
t
r
In (7), the receiving voltages ȳ  are related to the transmitted signals
¯ · C̄¯ . When the correlation matrices of the transmitting
¯ · H̄
x̄ via C̄
r
t
¯ matrix is transformed
and the receiving arrays are incorporated, the H̄
1/2
1/2
¯
¯
¯
to R̄r · H̄i.i.d. · R̄t , as shown in (13). Using the same notations
as in (7), (9) can be rewritten as

π

1
σm σn

1

¯ · R̄
¯ 2 · H̄
¯
¯ 2 ¯
¯
ȳ  = C̄
r
r
i.i.d. · R̄t · C̄t · x̄ + n̄ = H̄c · x̄ + n̄

Lm

2

bp Vocp (φ)+d (φ)



+ d (φ)d∗ (φ) .

Nr


∗
b∗q Vocq
(φ)

q=1

(12)











1 ! ¯ ¯  ¯
¯ † ¯ † "
max
E log2 det I¯+ 2 C̄
r · H̄ · R̄xx · H̄ · C̄r
¯
¯



σn
R̄xx :Tr{R̄xx }≤Pt
(17)

¯ · R̄
¯ · C̄¯ † , P  = P Tr{C̄¯ · C̄¯ † }/N , and σ 2 is the
¯  = C̄
where R̄
t
xx
t
t
t
t
t
xx
t
n
average noise power at each receiving antenna.
Then, the optimal power Pm allocated to all the transmitting anten¯
nas is determined by applying the water-filling algorithm [19] to R̄
xx
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to achieve the channel capacity, i.e.,



Cwf = E

Nt

m=1

#

log2

2
σp,m
1 + Pm 2
σn

401

$
(18)

%N

t
Pm ≤ Pt , where σp,m are the singuunder the constraint that m=1
¯ · H̄
¯ .
lar values of C̄
r
The transmitting power allocated to the mth antennas is Pm =
2
/σn2 , and γ0 is the cutoff value,
(1/γ0 − 1/γm )+ , where γm = σp,m
%Nt
which is determined from m=1 Pm = Pt , with (a)+ = a if a > 0
and (a)+ = 0 if a ≤ 0.

V. R ESULTS AND D ISCUSSIONS
In the subsequent simulations, we will consider a LOS link between
the transmitting array and the receiving array of a MIMO system. Both
arrays are composed of eight vertical half-wavelength dipoles, at a
spacing of half wavelength and operating at 2.4 GHz. For the reason
mentioned in Section III, we consider the scenarios with θin = 90◦ ;
hence, Pv = 0, and χ = 0. Assume the receiving array is deployed
along the x-axis, with its center at the origin. The azimuth angle of
the broadside direction of the transmitting array is φ0 , which means
φ0 = 90◦ if these two arrays are placed face to face.
To begin with, consider a plane wave incident at φ = φ0 , with
the PAS pφ (φ) = δ(φ − φ0 ). The channel capacity obtained with the
strategy of uniformly distributed transmitting power can be calculated
¯
¯
using (16), in which the covariance
& matrix is R̄xx = (Pt /Nt )I, and
t
the transmitted signals are x̄ = Pt /Nt [1, 1, . . . , 1] . The transmitted signals are uncorrelated to one another, and we set Pt = 1 (W) in
the subsequent simulations.
Fig. 2(a) shows the channel capacity over an LOS link with p(φ) =
δ(φ − φ0 ) and φ0 = 15◦ . The results are obtained by substituting the
¯ , and H̄
¯ , respectively, into (5). The capacity
¯  , H̄
transfer functions H̄
c
c
predicted with (16) is also shown for comparison. The capacity based
¯  in (13), which includes the
¯  and R̄
on the covariance matrices R̄
t
r
mutual coupling effects, is higher than that based on the conventional
¯ in (7). In other words, the mutual
¯ and R̄
covariance matrices R̄
t
r
coupling effects tend to decrease the correlation coefficients, as defined
in (10).
Fig. 2(b) shows the channel capacity, with the strategy of waterfilling transmitting power. The results are obtained by substituting the
¯ , and H̄
¯ , respectively, into (17). Compared
¯  , H̄
transfer functions H̄
c
c
with Fig. 2(a), it is observed that the water-filling strategy generally
offers a higher capacity than the strategy of uniformly distributed
¯ are used. For ex¯  and H̄
transmitting power, particularly when H̄
c
c
ample, the capacity increase from 2 to 3 bits/s/Hz at SNR = 20 dB.
¯ in (4) is higher than that of the other coupling
The capacity using H̄
assumptions, with either transmitting power strategy.
Fig. 3 shows the channel capacity of an 8 × 8 MIMO system,
with φ0 = 90◦ , using the strategy of uniformly distributed transmitting
¯  in (13) is
power. At high SNR values, the capacity using (16) or H̄
c
¯
higher than that using H̄ in (4).
With the strategy of water-filling transmitting power, the capacity
¯ in (4). At SNR = 20 dB,
¯  in (13) is higher than that using H̄
using H̄
c
the capacity using the water-filling strategy is higher than that using
the uniformly distributed strategy by about 3 bits/s/Hz.
¯ of (4), no coupling effects among antennas are
In the matrix H̄
considered, and the correlation coefficients without coupling effects
¯ of (7), the coupling effects among antennas
are used. In the matrix H̄
c
are considered, and the same correlation coefficients without coupling
¯  of (13), both the coupling effects among
effects are used. In matrix H̄
c
antennas and the correlation coefficients with coupling effects are
included.

Fig. 2. Capacity of an 8 × 8 MIMO system over an LOS channel with
p(φ) = δ(φ − φ0 ) and φ0 = 15◦ , 1000 Monte-Carlo channel realizations at
each SNR. (a) Strategy of uniformly distributed transmitting power: −−−−−
−:
¯  in (13); − ◦ −: using H̄
¯ in (7); − • −: using
using (16); − − −: using H̄
c
c
¯ in (4). (b) Strategy of water-filling transmitting power: −−−−−
¯  in
H̄
−: using H̄
c
¯ in (7); − ◦ −: using H̄
¯ in (4).
(13); − − −: using H̄
c

Fig. 3. Capacity of an 8 × 8 MIMO system over an LOS channel with
the same parameters as in Fig. 2, except φ0 = 90◦ . Strategy of uniformly
¯  in (13);
distributed transmitting power: −−−−−
−: using (16); − − −: using H̄
c
¯
¯
− ◦ −: using H̄c in (7); − • −: using H̄ in (4).

In Fig. 3, the transmitting array is placed face-to-face with the
receiving array (φ0 = 90◦ ). The correlation coefficients calculated
using (10) become close to one; hence, the channel capacities decrease
significantly as compared with their counterparts in Fig. 2(a) and (b).
Under such circumstances, by including the subtle difference attributed
to the mutual coupling among antennas in both arrays and the coupling
¯  , the capacity can
effects in the correlation coefficients, as in H̄
c
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Fig. 4. Capacity of an 8 × 8 MIMO system over a channel with single-cluster
Laplacian PAS, φ0 = 90◦ , φ1 = 15◦ , σL = 30◦ , and Δφ = 60◦ ; 1000 Monte
Carlo channel realizations at each SNR. Strategy of uniformly distributed
¯  in (13); − ◦ −:
transmitting power: −−−−−
−: using (16); − − −: using H̄
c
¯ in (7); − • −: using H̄
¯ in (4).
using H̄
c

Fig. 5. Capacity of an 8 × 8 MIMO system over a channel with single-cluster
Laplacian PAS, φ0 = 90◦ , φ1 = 90◦ , σL = 45◦ , and Δφ = 90◦ ; 1000 Monte
Carlo channel realizations at each SNR. (a) Strategy of uniformly distributed
¯  in (13); − ◦ −:
transmitting power: −−−−−
−: using (16); − − −: using H̄
c
¯ in (7); and − • −: using H̄
¯ in (4).
using H̄
c

¯ at high SNR values. Such a
be increased higher than that using H̄
capacity increase is significant to many LOS MIMO applications with
φ0  90◦ .
The PAS in the azimuthal plane can be characterized with a
Laplacian PAS in both polarizations [20]. In the subsequent simulations, we will use a truncated multicluster Laplacian PAS [7]
pL (φ) =

Nc

QL,
=1

√ e−
σL, 2

√
2|φ−φ |/σL,

× {u[φ − (φ − Δφ )] − u[φ − (φ + Δφ )]}
where u(φ) is the step function, Nc is the number of clusters, φ is the
direction of arrival from the th cluster covering the azimuthal interval
of [φ − Δφ , φ + Δφ ], σL is the standard deviation of the PAS that
accounts for the angular spread, and QL, is a normalization factor to
%Nc
QL, [1 −
make pL (φ) a probability density function, namely,
=1
√

e− 2Δφ /σL, ] = 1.
Fig. 4 shows the capacity of an 8 × 8 MIMO system in the presence
of a single-cluster Laplacian PAS, with the strategy of uniformly
¯  in (13) is higher
distributed transmitting power. The capacity using H̄
c
¯  includes the mu¯ in (7). Since the transfer matrix H̄
than that using H̄
c
c
tual coupling effects in determining the covariance matrices, leading to
smaller correlation coefficients and hence higher capacity. The capac¯  in (13) because the mutual
ity using (16) is higher than that using H̄
c
coupling effects at different incident angles have been taken into
account.
If the strategy of water-filling transmitting power is applied to
the same MIMO system in the presence of the same single-cluster
¯  in (13) is higher than
Laplacian PAS, the capacity calculated using H̄
c
¯
that using H̄c in (7). The capacities are higher than their counterparts
obtained by applying the uniformly distributed strategy.
The truncated Laplacian PAS has a finite angular spread σL , making
the correlation coefficients smaller than those associated with a LOS
channel. Hence, the capacities shown in Fig. 4 are higher than their
counterparts in Figs. 2 and 3.
¯ in (4) is higher than that using other coupling
The capacity using H̄
assumptions, with either transmitting power strategy. The multipath
signals characterized with the single-cluster Laplacian PAS appear to
dominate over the mutual coupling effects among antennas in both the
transmitting and the receiving arrays. At SNR = 20 dB, the capacity
using the water-filling strategy is higher than that using the uniformly
distributed strategy by about 1 to 2.5 bits/s/Hz.

Fig. 6. Capacity of an 8 × 8 MIMO system over a channel with two equalpower clusters of Laplacian PAS, φ0 = 90◦ , φ1 = 30◦ , σL1 = 10◦ , Δφ1 =
20◦ , φ2 = 90◦ , σL2 = 10◦ and Δφ2 = 20◦ ; 1000 Monte-Carlo channel
realizations at each SNR. (a) Strategy of uniformly distributed transmitting
¯  in (13); − ◦ −: using H̄
¯ in
power: −−−−−
−: using (16); − − −: using H̄
c
c
¯ in (4).
(7); − • −: using H̄

Fig. 5 shows the capacity of an 8 × 8 MIMO system with the
uniformly distributed transmitting power strategy. Similar to the results
¯  in (13), and
shown in Fig. 4, the capacities calculated using (16), H̄
c
¯ in (4). The same trend is
¯ in (7) are smaller than that using H̄
H̄
c
observed if the water-filling transmitting power strategy is applied.
The angular spread σL and the angular coverage Δφ used in Fig. 5
¯
are larger than those used in Fig. 4. The capacities calculated using H̄
c
¯ in (7) are almost the same, and the capacities with both
in (13) and H̄
c
transmitting power strategies are also very close. At SNR = 20 dB, the
¯ in (4) are higher than their counterparts shown in
capacities using H̄
Fig. 4 by about 10 bits/s/Hz, which is attributed to larger σL and Δφ.
Fig. 6 shows the capacity of an 8 × 8 MIMO system with uniformly distributed transmitting power strategy, under two clusters of
Laplacian PAS with equal power. The capacities with a water-filling
strategy are very close to those shown in Fig. 6. However, unlike the re¯  in (13) is higher
sults shown in Fig. 5, the capacity calculated using H̄
c
¯
than that using H̄c in (7) because the angular spread σL and the angular
coverage Δφ used in Fig. 6 are smaller than those used in Fig. 5. With
two clusters of Laplacian PAS, the capacity at SNR = 20 dB is about
10 bits/s/Hz higher than that in Fig. 5 possibly because more multipath
signals appear between the transmitting and the receiving arrays.
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VI. C ONCLUSION
The reciprocity theorem is applied to derive an exact expression
that is used to remove the coupling effects embedded in the receiving voltages of an antenna array. The correlation coefficients of the
multiple-input–multiple-output (MIMO) channel established with the
antenna array is also modified to incorporate the direction-dependent
coupling effects more accurately. The simulation results show that, in
propagation environments dominated by a LOS signal, the capacity
of a MIMO channel can be increased by properly incorporating the
coupling effects. The mutual coupling effects can be neglected in
environments dominated by multipath signals, where the capacity is
determined by the PAS characterizing the channel.
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Abstract—The ergodic and outage channel capacity of different optimal
and suboptimal combinations of transmit power and modulation rate
adaptation strategies over a joint fading and two-path shadowing (JFTS)
fading/shadowing channel is studied in this paper. Analytically tractable
expressions for channel capacity are obtained, assuming perfect channel
side information (CSI) at the receiver and/or the transmitter with negligible feedback delay. Furthermore, the impacts of the JFTS parameters on
the channel capacity achieved by these adaptive transmission techniques
are determined.
Index Terms—Adaptive transmission, channel capacity, fading,
shadowing.

I. I NTRODUCTION
The high density and considerable individual data rate requirements
of modern indoor wireless users have made high-capacity wireless
communications a priority in indoor environments. While the use of
indoor picocells is expected to grow, this demand is primarily being
served today by indoor wireless access points. Therefore, it is essential
to have an accurate picture of what high-throughput wireless communication systems can achieve when implemented on densely deployed
indoor access points.
This picture is provided by Shannon channel capacity. With the introduction of capacity-achieving coding schemes [3], Shannon capacity
is now of both theoretical and practical interest. In the case of wireless
links, Shannon channel capacity characterizes the long-term achievable information rate and is, therefore, called the ergodic capacity [1].
In a fading environment, the Shannon bound can be achieved by
adapting a variety of parameters relative to the channel quality if perfect channel side information (CSI) is available at the receiver and/or
the transmitter [5]–[7]. Examples include optimal rate adaptation
(ORA) [8], which adapts modulation constellation size, and optimal
power and rate adaptation (OPRA) [7], which adapts a combination of
modulation rate and transmit power. The Shannon capacity can be also
achieved only through optimal power control by using fading inversion
to maintain a constant carrier signal-to-noise ratio (CSNR). This
technique is known as channel inversion with fixed rate (CIFR) [7], [8].
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