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Abstract—Both the interchannel coupling (CC) among multiple
compact circuitry channels and the antenna polarization coupling
(APC) due to angular deviation of antennas (ADA) in diversity systems cannot be neglected in practice. The effects of these two problems are considered in this paper. The investigation of the CC in a
two-branch orthogonal polarization antenna diversity system is extended to the case of a general multibranch polarization antenna
diversity system, and the CC is investigated together with APC by
applying a network theory framework. Their effects on both the
correlation and the mean power ratio among received signals are
obtained. It is found that the effects of both kinds of couplings as
well as that of the combining signal processing on the received signals can be considered as a series of weightings. Two equivalent
relations among APC, CC, and ADA are developed. Such equivalences reveal insights into CC from the point of view of antennas
and provide additional degree-of-freedom for system optimization
to improve the diversity performance. Furthermore, two kinds of
compensation techniques are also developed to mitigate the APC
and CC, as well as to enhance the diversity performance. Finally,
some numerical results are presented to validate the analyses.
Index Terms—Angular deviation of antenna (ADA), antenna
polarization coupling (APC), diversity, equivalent relations, interchannel coupling (CC).

I. INTRODUCTION

A

NTENNA diversity is effective to combat fading in mobile wireless communications [1]. Since polarization diversity is nearly as effective as spatial diversity [2], the polarization antenna diversity scheme is commonly used because it
can save space and compensate for polarization mismatch [3].
Both the correlation coefficients and the mean power ratio between two-branch signals have been discussed in order to determine diversity performance [4], [5], where a kind of coupling,
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namely antenna polarization coupling (APC), between two orthogonal polarization diversity antennas has also been studied.
However, another kind of coupling, namely interchannel coupling (CC), among multiple parallel circuitry channels in diversity systems has attracted little research interest [12]–[14], although the impacts of mutual coupling among antenna elements
have been investigated extensively [6]–[11]. Nevertheless, the
CC among compact analog circuit blocks in multichannel systems cannot be neglected in practical situations, since numerous
similar RF and IF circuitry channels are parallely integrated
to reduce size and cost (e.g., in multiple-input multiple-output
(MIMO) wireless systems, see [7], [9]–[11], and the references
therein), yielding insufficient isolation among circuitry channels. Therefore, it is also necessary to analyze the CC in polarization antenna diversity systems [12], [13]. On the other hand,
the angular deviation of antennas (ADA) in multiantenna systems cannot be neglected since physical implementation errors
and installation deviations are inevitable [14]. Hence, the impact
of ADA on the diversity performance has to be investigated.
In [12] and [13], we analyzed the effects of CC in a twobranch orthogonal polarization antenna diversity system on both
the correlation and the mean power ratio between the received
signals. In this paper, the investigation of CC in a two-branch
orthogonal polarization antenna diversity system is extended to
the case of a general multibranch polarization antenna diversity
system, and the CC is investigated together with APC by applying a network theory framework. It is found that the effects
of both kinds of couplings as well as that of the processing in the
combining signal processor (CSP) on the received signals can be
considered as a series of weightings. As the result, two equivalent relations are developed. Such equivalent relations not only
reveal insights into CC from the point of view of antennas, but
also provide another degree-of-freedom for the optimization of
the diversity performance. Further, two methods are proposed to
compensate for the APC and CC, and the effectiveness and flexibility of these methods in improving the diversity performance
are demonstrated.
The remainder of this paper is outlined as follows. Section II
analyzes the APC and CC in two- and multibranch polarization antenna diversity systems by applying a network theory
framework, and their effects on both the correlation and the
mean power ratio among received signals are analyzed. Two
equivalent relations among APC, CC and ADA are proposed
in Section III, and some typical values of the relations are also
provided. In Section IV, two kinds of compensation methods for
APC and CC are proposed. Section V presents some numerical
results to validate the previous analyses. Finally, we conclude
this paper in Section VI.
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II. ANALYSIS OF APC AND CC
For a two-branch orthogonal polarization antenna system, the
received signal at each polarized antenna can be independent
of each other. A typical two-branch orthogonal polarization antenna diversity system is shown in Fig. 1, where horizontally
and vertically polarized antenna
are
polarized antenna
orthogonally co-placed. The polarized signals incident at the
corresponding antennas can be represented as a 2 1 vector
, where superscript T denotes vector transare expressed as
pose. The elements of
(1)
and
are, respectively, the signal amplitude and
where
phase of the th branch. In a typical multipath flat-fading enviand
have independent Rayleigh distributions,
ronment,
and
and
have independent uniform distributions [4], [5].
Under the assumption that there is no APC between antenna
and
, both the correlation coefficient and the
branches
mean power ratio between two-branch signals were derived in
[4], [5]. These results can be straightforwardly extended to general multibranch polarization antenna diversity systems. However, for an -branch polarization antenna diversity system,
there may exist APC among polarization orientations, i.e., the
incident signals at the polarized antennas may be dependent to
each other. In this case, by applying a network theory frameAPC matrix
,
work through the introduction of an
the received signals at the corresponding antenna ports can be
modified as

Fig. 1. Block diagram of the two-branch orthogonal polarization antenna diversity system.

In the absence of the unintentional CC, the CC matrix
becomes an identity matrix.
When both kinds of couplings are considered, by inserting (2)
into (4), one can get a more concise form of the received signals
entering the CSP as
(5)
Furthermore, if the two kinds of couplings are considered concurrently, they can be incorporated into one combined coupling
, which is the concatenation of two coupling mamatrix
trices
and
(6)
Consequently, by inserting (6) into (3), the signal output
of the CSP in such a multibranch polarization antenna diversity
system can be obtained as
(7)

(2)
is an identity matrix.
In the absence of APC, the matrix of
The received signals with APC pass sequentially through the
corresponding RF block, IF block, and analog-to-digital conat the input
verter (ADC) block, and then arrive in terms of
combining vector
is apports of the CSP, where an
plied and yields
(3)
It is often assumed that the isolation between two circuitry channels is sufficiently high and the unintentional CC is thus negligible. In practice, however, it is not very easy to avoid the CC
in compact circuit designs. Therefore, it is necessary to take the
CC into account and analyze its effects on the diversity performance of multichannel systems.
In the presence of unintentional CC, we denote the CC coefto quantify the coupling from circuitry channel to
ficient
, and the transmission coefficient
to quantify the transmission of channel itself. Consequently, the effects of CC can
CC matrix
.
be taken into account by introducing an
Then the input signals to the CSP become
(4)

The analysis above shows that, if either APC or CC is considered, the received signals are subject to a weighting before they
are fed to the CSP. If both kinds of couplings are taken into
account, the received signals are equivalently subject to two
concatenated weightings before entering the CSP. Finally, for
a multibranch polarization antenna diversity system, the effects
of both kinds of couplings, namely APC and CC, as well as the
processing in the CSP on the received signals can be considered
as a series of weightings.
As an example, we consider a two-branch orthogonal polarization antenna diversity system as shown in Fig. 1. Assume that
is the 2 2 identity mano APC exists, i.e., the matrix of
trix, and only the CC needs to be considered. Hence, the input
signals to the CSP can be written as
(8)
(9)
Intuitively, the correlation between the two received signals is
increased due to the existence of CC. Following the derivations
of the correlation coefficient and the mean power ratio between
two-branch signals [4], [5], the correlation between the two reand
, can be expressed as [12]–[14]
vised signals,

(10)
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where
expresses an ensemble average, and the asterisk denotes complex conjugate. By substituting (8) and (9) into (10),
one can obtain

(11)
Let the cross-polar discrimination (XPD) of two polarized signals be

(12)
In a typical real environment,
is usually satisfied, because the signal received at the vertical polarization antenna in
channel 2 is often stronger than that received at the horizontal
polarization antenna in channel 1. Inserting (12) into (11), one
obtains the analytical expression of the correlation with CC in a
two-branch orthogonal polarization system, expressed as

(13)
It is clear from this result that the received signals become correlated in the presence of the CC between channels, and the correlation depends on the CC coefficients, the circuitry channel
transmission coefficients as well as the XPD. Equation (13) also
shows that the correlation increases with CC coefficients and,
,
has a more significant effect on the correbecause
lation than
does.
In the presence of the CC between channels, the mean received power ratio is given by

(14)
Substituting (8), (9), and (12) into (14), one obtains
(15)
which shows that the CC between the two channels affects the
mean received power ratio and, hence, the XPD. Equation (15)
also shows that the CC can either decrease or increase , but
the former is more probable in a real environment where
holds.
III. EQUIVALENT RELATIONS BETWEEN APC AND CC
The analyses in Section II have shown that, for a multibranch
polarization antenna diversity system, both APC and CC can be
represented as proper weightings and, if both of them are taken
into account, the received signals are equivalently subject to two
concatenated weightings before entering the CSP. These results
explicitly indicate that the two kinds of couplings are equivalent
in the sense of their impacts on the polarized signals incident at
the antennas. Hence, similar to CC, APC also not only increases
the correlation but also affects the mean power ratio between
two received signals.

Fig. 2. Geometrical diagram of the deviation angles of a two-branch orthogonal
polarization antenna.

For a widely used orthogonal polarization antenna diversity
system, this equivalence becomes very useful. For example, for
a typical two-branch orthogonal polarization antenna system, as
shown in Fig. 1, the received signals at the polarized antennas
are mutually independent and, hence, in theory, there is no APC
and . However, in practice, there exists
between antenna
and , which results from,
an unintentional ADA between
for example, physical implementation errors and installation deviations as shown in Fig. 2, where it is assumed that antenna
is rotated around the origin to
, which deviates an angle of
from the
plane, and its projection
to the
plane makes an angle of
with axis. Similarly, antenna
is rotated around the origin to
, with an angle
from the
plane and of its projection
to the
plane with
axis. The received signals of the antenna
and
entering
the CSP in the absence of CC can be written as
(16)
(17)
which show that the ADA in orthogonally polarized antenna diversity systems results in the APC. Since the APC and CC have
equivalent impacts on the polarized signals incident at the antennas, the CC and ADA also have equivalent impacts in the
same sense. Comparing (8), (9), (16), and (17), it is evident that
the angular deviations of orthogonally polarized antennas and
the CC are equivalent in the sense of their impacts on the polarized signals incident at the antennas. In this case, either of the
following two groups of equations has to be satisfied
i

or

ii

(18)

In the case of (18-i), one obtains
(19)
In the case of (18-ii), one obtains
(20)
Both (19) and (20) show that the ADA is equivalent to the CC
in two-branch polarization antenna diversity systems, and the
equivalent CC and transmission coefficients are determined by
either (19) or (20). If all the deviation angles are real, the CC and
transmission coefficients are also real. Furthermore, only (19) is
satisfied under the constraints that the CC coefficients are zeros
and the transmission coefficients are ones in the absence of the
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TABLE I
TYPICAL VALUES OF THE EQUIVALENT RELATION BETWEEN THE ADA
(UNITS: DEGREES) AND CC, BASED ON (19)

Additionally, according to the equivalent relations between
the ADA and CC and by substituting (19) into (13) and (15),
respectively, one promptly obtains both the correlation and the
mean power ratio between the received signals of antennas
and
in the absence of CC but in the presence of ADA as

(25)
(26)
ADA. As an example, Table I provides some typical values of
the equivalent relation between the ADA and CC based on (19).
Conversely, (19) and (20) also indicate that the CC is equivalent to the ADA in two-branch polarization diversity systems,
and the equivalent deviation angles are also determined by either (19) or (20). In the case of (19), one obtains

(21)
In the case of (20), one obtains

(22)
These results show that, if the CC and transmission coefficients
are real, four equivalent ADA parameters are also real. However,
if the CC and transmission coefficients are complex, some of the
equivalent ADA parameters might also be complex. A complex
ADA coefficient implies a real amplitude weighting and a phase
shift for the polarized signal incident at the antenna. To explain
, where
and
are
this, we express as
. Then,
can be expressed exponenreal, and
tially as

(23)
Thus, it becomes clear that
is a real amplitude weighting
and
is a phase shift for the polarized signal incident at
the antenna. That is, a complex deviation angle for the antenna
orientation is same as a complex weighting for the polarized
signal incident at the antenna. Furthermore, the real amplitude
weighting in (23) can be written as

respectively. These results show that both the correlation and the
mean power ratio are affected by the four ADA parameters. In
effect, the impact of CC on the performance of diversity systems
is equivalent to that of ADA, and vice versa. In particular, as
mentioned above, if the CC and transmission coefficients are
both real, the equivalent deviation angles are also real, and then
the correlation is independent of the deviation angles from the
vertical plane, i.e., and . Furthermore, if the two deviation
angles from the vertical plane are equal, both the correlation
and the mean power ratio are independent of them, since both
of them have converse contributions to the mean received power
of two antennas.
In summary, the equivalent relations between the CC and
APC not only reveal insights into CC from the point of view of
antennas, but also provide another degree-of-freedom for the optimization of the diversity system to improve the performance.
Such equivalences also bridge the CC and ADA in polarization
antenna diversity systems and result in easy understanding of
the equivalent relationships between them.
IV. COMPENSATION OF CC AND APC
The equivalences between the CC and APC, as mentioned
in Section III, make it possible to achieve compensation of CC
and APC. Such equivalences provide us an idea that, if either
coupling is detrimental to diversity performance, it is possible
to effectively reduce such detrimental impact by properly adjusting the other coupling. Furthermore, the equivalences provide another degree-of-freedom for the system optimization by
adjusting one or both of the couplings in multibranch polarization antenna diversity systems. For example, in orthogonal polarization antenna diversity systems, we can make the combined
in (6) approximately equal to the idencoupling matrix
tity matrix by rotating the corresponding polarized antennas, i.e.
(27)

(24)
Inserting (24) into (23), it is clear that a complex deviation angle
for the antenna orientation is also equivalent to a real deviation
angle for the antenna orientation and a phase shift for the polarized signal incident at the antenna.

Thus, the detrimental impact resulted from either the CC or APC
can be reduced or compensated for by adjusting the other one.
Of course, there exist situations where approximating the
to the identity matrix is
combined coupling matrix
difficult. In this case, another method can be applied. Before
combining signal processing in the CSP, intentional interchannel coupling (ICC), denoted by an
matrix
,
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Fig. 3. Correlation between two received signals with CC vs. both XPDs (0)
and CC coefficients (c ), assuming circuitry channels are symmetric and
lossless.

Fig. 4. The mean power difference between two received signals with CC vs.
both XPDs (0) and CC coefficients (c ), assuming channels are symmetric
and lossless.

can be introduced either by elaborating additional hardware
circuits or by software processing in the CSP, such that

with the CC coefficients when
. Therefore, reducing
CC is efficient to decrease the correlation. On the other hand,
for a certain CC coefficient, the correlation increases almost ex, and for a higher
, the
ponentially with if
increment becomes almost linear with until it approaches the
maximum. Fig. 4 shows that the mean power ratio decreases as
increases. The value of slowly decreases almost linearly
for a low value of (i.e.,
), and the decrewith
ment becomes faster when is higher. For a low CC coefficient,
, increases linearly with , and the increment
e.g.,
becomes slower when
takes a larger value.
. The correIn general channels, it is possible that
lation with CC coefficients was illustrated in [12] for
(see its Fig. 1), which shows that the correlation increases with
the CC coefficients. The correlation approaches the maximum
of 1 as the CC coefficients approach 0.7. It is noted that the imon the correlation is more significant than
, since
pact of
the coupling results in stronger received signals in channel 2.
Also, for general channels, the mean power ratio was pro(see its Fig. 2), which
vided in [12] for the case of
on is more significant than
indicates that the effect of
due to the same reason. For a certain
, increases monotonically with
, and the increment goes faster as
increases.
This is due to the fact that the signal in the weaker channel is
coupled into the stronger channel and results in a higher .
It becomes clear from the above discussion that the CC
increases the correlation coefficients but decreases the mean
power difference, since the signal in a stronger channel is
coupled into a weaker channel. Consequently, the CC has a
contradictory impact on the diversity gain, since a high value
of the diversity gain, which is a commonly used measure for
the diversity performance, is obtained from a low correlation
and a low mean power difference [4], [5]. It therefore creates
a tradeoff between the optimistic and pessimistic impacts. The
CC between channels is likely to become an optimistic factor
for improving the diversity gain.
The diversity gain is also related to the method used for combining. The maximal ratio combining (MRC) is used here as an

(28)
Consequently, matrix

can be determined as

(29)
It shows that once the CC and APC matrices are available, the
ICC matrix can be obtained to compensate for the CC and APC.
Additionally, besides the compensation of CC and APC, it
is possible to intentionally introduce more couplings
among the received signals simply by adjusting the ICC matrix
so as to improve the diversity performance. In this case, the ICC
matrix can be expressed as

(30)
Admittedly, a high efficiency of this method depends upon a low
,
condition number of the combined coupling matrix
which means that the CC should be kept at a relatively low level.
V. NUMERICAL ANALYSIS
Assuming that the circuitry channels are symmetric and loss,
and
less, i.e.,
(For simplicity, the subscript ‘ch’ previously used in all CC coefficients is ignored hereafter). Numerical results of the correlation with CC between channels are illustrated in Fig. 3, and
the mean power ratio is shown in Fig. 4. It is observed in
Fig. 3 that the correlation increases with either CC coefficients
or XPDs. On the one hand, for a certain value of , the correlation increases almost linearly with the CC coefficients as long
, and the increment becomes almost logarithmical
as
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Fig. 5. Diversity gain of MRC for combining two received signals with CC
(shadowed curve plane) and without CC (unshadowed curve plane) between
symmetric and lossless channels.

example. Substituting both (11) and (13) in this paper into (5)
in [2], which is an empirical relationship relating the diversity
gain of MRC to both the mean power ratio and the correlation
between signals, one obtains the diversity gain of MRC for combining two received signals with and without CC between general channels under a certain XPD (which was illustrated in [12],
see its Fig. 3. It shows that the CC between general channels
can either decrease or increase the diversity gain). Furthermore,
the diversity gain of MRC for combining two received signals
with and without CC in symmetric lossless channels is shown
in Fig. 5, which shows that the CC between symmetric lossless
channels can also affect the diversity gain, either constructively
and
, the diversity
or destructively. When
gain in the presence of CC (shadowed curve plane) is higher than
that in the absence of CC (unshadowed curve plane). Under the
conditions above, the CC becomes an optimistic factor for improving the diversity gain, which validates the aforementioned
analyses. It is observed from other additional numerical results
that the higher the , the looser the conditions for the CC to
, the conimprove the diversity gain. For example, if
. In summary, a high
dition becomes loosened as
value of XPD is necessary to improve the diversity gain in the
presence of CC. This is due to the fact that it is by decreasing the
mean power difference between the received polarized signals
that the CC improves the diversity gain of a polarization antenna
diversity system. Hence, if the mean power difference between
the polarized incident signals at antenna ports is already very
low, there is no much space left for the CC to improve the diversity gain.
VI. CONCLUSION
The investigation of CC in a two-branch orthogonal polarization antenna diversity system has been extended to the case of a
general multibranch polarization antenna diversity system, and
the CC has been analyzed together with that of APC by applying
a network theory framework in this paper. The effects of these
two kinds of couplings on both the correlation and the mean
power ratio among received signals were analyzed. It was found
that the effects of both couplings and the processing in the CSP

on the received signals can be considered as a series of weightings. Both the APC and CC increase the correlation but may decrease the mean power difference among the received signals.
Hence, the APC and CC can be optimistic factors for improving
the diversity performance if the mean power difference is pronounced. Such improvement is achieved by decreasing the mean
power difference between the received polarized signals.
In addition, two equivalent relations among APC, CC and
ADA were developed. These two kinds of couplings are equivalent in the sense that they have equivalent impacts on the polarized signals incident at the antennas. They are also equivalent
in the same sense to the angular deviations of orthogonally polarized antennas. Such equivalent relations reveal insights into
CC from the point of view of antennas, and provide additional
degree-of-freedom for the optimization of the diversity systems
and the improvement of the diversity gain performance.
Furthermore, two methods that compensate for the CC and
APC were also proposed. It is possible to improve the diversity
performance by adjusting one or both kinds of couplings, or
by introducing intentional CC either through the elaboration of
additional hardware circuits or software processing in the CSP.
These methods are most effective when the combined coupling
matrix has a relatively low condition number.
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