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Abstract— This paper proposes a simple and improved ap-
proach of estimating MIMO capacity from antenna magnitude
patterns, i.e., the antenna patterns are phaseless. The simple ap-
proach synthesizes the phases according to the antenna spacing,
and it compares favorably with an existing approach based on
random phase synthesis. Moreover, the simple approach can be
improved by taking into account the correlation between the
magnitude patterns. The performance of the existing and pro-
posed approaches in estimating MIMO capacity is investigated
for dipole antenna systems with different gain and correlation
characteristics, under different conditions of antenna spacings,
impedance matching networks and propagation scenarios. It is
found that an average capacity estimation error of under 0.5% is
achieved for the proposed approach, as compared to up to 20.6%
error for the random phase approach.

I. INTRODUCTION

Multiple antenna systems have been proposed as a promis-
ing technique to achieve high spectrum efficiency in wireless
communications. Such systems perform best when the spatial
correlation among signals on different antenna branches is
low [1]. Therefore, the implementation of a compact multiple
antenna system is very challenging, since multiple antenna
elements need to be closely spaced, which leads to both high
correlation between received signals and high electromagnetic
mutual coupling (MC) among antenna elements. Recent work
has shown that matching networks have a significant influence
on this problem. For example, optimal performance on signal
correlation [2], diversity [3] and capacity [4] can be achieved at
the cost of narrower bandwidth [5], if a sophisticated multiport
matching network is utilized.

On the other hand, one convenient approach to evaluate the
performance of MIMO systems relies on the accurate mea-
surement of complex antenna radiation patterns for all antenna
elements (see e.g., [4]). However, phase information is usually
not available in active measurements of mobile terminals [6].
Instead, one can for example apply a phase-retrieval-capable
antenna measurement system [7], which has the penalty of
adding complexity to the testing equipment/procedure. Effects
of phaseless (or magnitude only) patterns on MIMO perfor-
mance have been evaluated in [8], in which the results show
that the use of phaseless antenna patterns leads to unacceptably
large underestimation of MIMO performance. Nevertheless,
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it is demonstrated that adding random phases to phaseless
patterns can help to reduce the estimation errors [8]. The study
of [8] is based on the evaluation of five antenna prototypes
with a fixed antenna spacing for each prototype.

In this paper, an end-to-end MIMO system using antenna
arrays with two dipole antennas is investigated. The discussion
in [8] is extended in that the impact of phaseless antenna
patterns on MIMO performance is investigated for the whole
continuum of small antenna spacings, taking into account
the use of different matching networks which modify the
pattern phases. In this context, a new phase synthesis approach
for improving the estimation of MIMO performance based
on magnitude patterns is proposed: we begin with a simple
approach that synthesizes phases according to the antenna
spacing, and this is followed by an improved version that
adjusts the randomness of the synthesized phases according
to the magnitude pattern correlation. The performance of the
two variants of the new approach is evaluated and compared
to the random phase approach in [8]. Different propagation
scenarios with uniform angular power spectrum (APS) and
limited angular spread in the azimuth plane (i.e., elevation
spread is neglected) are considered in the study.

We begin with a presentation of the system model and
evaluation framework in Sections II and III. Next, the results
and discussions are given in Section IV. Finally, we make some
concluding remarks in Section V.

II. SYSTEM MODEL

In this section, the system model will be established, with
a focus on the receive (RX) subsystem. In this study, uniform
linear arrays (ULAs) of two half-wavelength (λ/2) dipoles
with the diameter of λ/400 are considered. Antenna param-
eters are obtained through method of moments (MoM) [9]
simulations, as in [5].

A. Receive Subsystem

The RX subsystem consists of coupled RX antennas, a
matching network, and load impedances. The block diagram
of the RX subsystem is shown in Figure 1. Specifically, in a
2×2 MIMO system, ZRR is a 2×2 antenna impedance matrix
whose diagonal and off-diagonal elements represent the self-
and mutual-impedances, respectively, so that mutual coupling
is considered. ZL1 and ZL2 are the load impedances for ports
1 and 2, respectively.



Fig. 1. Block diagram of a 2 × 2 MIMO RX subsystem.

The matching network is denoted by ZM, which represents
a 4×4 matching network matrix in the system with the matrix
structure of

ZM =
[

Z11 Z12

Z21 Z22

]
. (1)

In this work, several different matching conditions are
discussed, including characteristic impedance match, self
impedance match, input impedance match (which are single
port match) and multiport conjugate match. These matching
conditions for multiple antenna systems have been discussed
extensively in [2]–[5].

B. Transmit Subsystem

The transmit (TX) subsystem contains similar components
as in the RX subsystem, where “Side 1” of the matching
network is connected to the TX antennas while “Side 2” is
connected to the sources.

C. Circuit Model

In the RX subsystem, the excitation sources are the open-
circuit voltages V oc = [Voc1, Voc2]

T . The currents induced
at the input of matching networks IL = [IL1, IL2]

T can be
obtained as

IL = (ZRR + ZThL)−1V oc, (2)

in which ZThL denotes the Thevenin equivalent load
impedance as seen by the antenna ports, and it is given by

ZThL = Z11 − Z12(ZL + Z22)−1Z21. (3)

The output voltages over the load impedances are found as

V ′
L = ZLI ′

L = ZL(Z22 + ZL)−1Z21IL. (4)

Substituting (2) into (4) gives us the transfer function between
the open-circuit voltages and the output voltages,

V ′
L = ZL(Z22 + ZL)−1Z21(ZRR + ZThL)−1V oc. (5)

D. Channel Model

A path-based channel model is used to represent the prop-
agation part of the complete MIMO system [4]. In our case,
the model is represented by a trans-impedance matrix relating
the output voltages at the open-circuited RX antenna ports
V oc to the excitation current at each of the TX antenna ports,
with the other ports open-circuited. For the channel between
the j-th TX antenna and the i-th RX antenna H(i, j), the

trans-impedance ZRT,ij for the single polarization case can
be described as

ZRT,ij =
N∑

n=1

ER
i (θR

n , ϕR
n )β(θR

n , ϕR
n , θT

n , ϕT
n )eT

j (θT
n , ϕT

n ),

(6)
in which N is the total number of TX-RX paths, (θR

n , ϕR
n )

and (θT
n , ϕT

n ) represent the elevation and azimuth angle of
arrival (AoA) and angle of departure (AoD) of the n-th
path, respectively. ER

i (θR
n , ϕR

n ) is the complex pattern for
the i-th RX antenna (with all ports open-circuited), while
eT
j (θT

n , ϕT
n ) is the field per unit source current of the j-th TX

antenna (with all ports open-circuited, except the j-th port) [4].
β(θR

n , ϕR
n , θT

n , ϕT
n ) describes channel gain of the n-th path,

which can be statistically characterized by the given APS at
both the TX and RX ends.

III. EVALUATION FRAMEWORK

A. System Configurations

In order to facilitate comparison, a reference end-to-end
MIMO system is set up. In the reference TX subsystem,
antennas are assumed to have no mutual coupling (only spatial
correlation exists) and the self impedance match is employed
at each antenna port. The reference RX subsystem is set to
the same configurations, i.e., no mutual coupling between the
reference RX antennas and self impedance match is employed
at each RX antenna port. The list of all system configurations
considered in this work is given in Table I.

B. Propagation Scenarios

In this study, antenna patterns with both polarizations are
investigated in the azimuth plane (θ = π/2). A uniform 2D
APS is assumed on the TX side. On the RX side, however,
two different APS are considered. In one case, the APS is of
a uniform 2D distribution, whereas in the other case it is of
a Laplacian 2D distribution with limited angular spread, i.e.,
standard deviation of 30◦ centered at the array broadside [10].

C. Performance Metrics

Output correlation and channel capacity are used to charac-
terize MIMO performance over the whole continuum of small
antenna spacings in the RX side. The TX antenna spacing is,
however, fixed to d = λ for the sake of simple comparison
with no loss of generality.

TABLE I

LIST OF SYSTEM CONFIGURATIONS.

Mutual Coupling Matching Network Type

TX No Self impedance

RX

Ref No Self impedance
S1 Yes Characteristic impedance
S2 Yes Self impedance
S3 Yes Input impedance
S4 Yes Multiport conjugate [2]
S5 Yes Multiport conjugate [4]



The output correlation is calculated from the APS of the
propagation environment and the antenna patterns taken at the
output or “Side 2” of the matching network (see Figure 1) [11].
In this case, only the RX subsystem is considered.

The capacity calculation is based on MIMO channel ma-
trices that are obtained using the channel model discussed
in Section II-D, with N = 360. In total, 10000 channel
realizations are generated according to the given TX/RX APS.
The channel matrices obtained for RX subsystems with mutual
coupling and different matching networks (S1-S5) are then
normalized against the reference system (Ref) (see Table I),
so that the matched antenna efficiency is accounted for. The
10% outage capacity without channel knowledge at the TX
subsystem for SNR of 20 dB is numerically evaluated.

D. Evaluation Cases

The following evaluation cases are considered for the RX
antenna output patterns (i.e., antenna patterns obtained at the
load impedances).

1) Complex patterns: When the complex patterns are
present, i.e., full magnitude and phase information is available,
the resulting capacity reflects the actual system performance.
The other cases are evaluated with respect to this performance.

2) Magnitude patterns: The antenna output patterns are
phaseless, i.e., only the magnitude patterns are available [6].

3) Random-phase patterns: In order to compensate for
the underestimation of capacity due to the absence of phase
information, uniformly distributed random phases ϕ ∈ (−π, π]
can be added to the magnitude patterns [8].

4) Phase-synthesis patterns: When the antenna spacing d
is known, one can apply the array steering vector as a simple
method for phase synthesis. For example, in the 2D case where
the phase center is situated at the broadside of the ULA with
two identical and parallel dipole elements, the phases on the
antennas due to the impinging waves with azimuth AoAs ϕ
are obtained as

a =
[
e−jπ d

λ cos ϕ, ejπ d
λ cos ϕ

]T

, (7)

where λ denotes the wavelength of the signal.
However, these phases can be changed significantly due to

the influence of mutual coupling and matching networks that
are employed. We propose to account for this influence on
phase by adding a degree of randomness to the synthesized
phases that depends on the correlation of the magnitude pat-
terns. To accomplish this, the synthesized phases are modified
as

a′ = R � a, (8)

where � denotes element wise multiplication. R is a correla-
tion matrix which is obtained through correlating two random
sequences c1 and c2 as

R =
[

1 α
α∗ 1

] [
c1

c2

]
. (9)

where c1, c2 ∈ C
1×N and are independent and identically

distributed with zero mean circularly symmetric complex
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Fig. 2. Output correlation versus antenna spacing (in wavelength unit) with
uniform 2D APS. Curves in the top figure show the correlation of complex
output patterns with different system configurations. Darker and lighter curves
in the bottom figure correspond to correlation of magnitude-only and phase-
only patterns, respectively.

Gaussian random variables. The role of α is to scale the
correlation (or randomness) of the synthesized phases, and it
is obtained from the available magnitude pattern correlation
rm,

α = ζrm, (10)

where ζ is a factor that can be adjusted for a given propagation
scenario.

IV. RESULTS

A. Output Correlation

RX output correlations obtained with a uniform 2D APS
are shown in Figure 2 for different system configurations.
Matching networks can reduce the correlation significantly,
and low correlation can be obtained for any antenna spacings
when a sophisticated matching network (S3, S4 or S5) is em-
ployed. According to the results, the correlation of phase-only
patterns behaves more similarly as the correlation of complex
patterns. This highlights the importance of phase information
in the output antenna patterns. On the other hand, the output
correlation obtained from the magnitude-only patterns is high
in general, which leads to the underestimation of MIMO
performance. Nevertheless, it is also observed that a lower
magnitude correlation tends to indicate a lower correlation in
the complex patterns, especially for small antenna spacings.
This shows that we can try to use magnitude correlation
as additional phase synthesis information for improving the
estimation of capacity when only magnitude patterns are
available.

B. MIMO Capacity

Figure 3 shows the channel capacity versus antenna spac-
ing for different system configurations and two propagation
scenarios when complex patterns are available. When only
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Fig. 3. 10% outage capacity versus antenna spacing (in wavelength unit).
(a) Uniform 2D APS; (b) Laplacian 2D APS.

the magnitude patterns are available, one should consider the
alternative evaluation cases that are discussed in Section III-
D. The estimated MIMO capacity from each evaluation case
is compared to the results in Figure 3 and the corresponding
estimation error is obtained.

In Table II, the estimation error of each case is averaged over
different system configurations (S1-S5), as well as over the
small antenna spacings of 0.05λ ≤ d ≤ 0.5λ, for uniform and
Laplacian 2D APS, respectively. The results are expressed in
percentage error with respect to the 10% outage channel capac-
ity in bps/Hz that is obtained when the complex output patterns
are present. “+” denotes overestimated capacity whereas “−”
denotes underestimated capacity. This average measure gives
a quick indication of the overall estimation performance of
each evaluation case.

To give more details of the error performance, subplots
in Figure 4 illustrate the estimation error over the antenna
spacing and system configurations S1 to S5 for the random-
phase patterns, simple and improved phase-synthesis patterns
using phase vector a and a′, respectively:

1) Complex pattern: The capacity performance in Figure 3
reflects the actual system performance. As shown in Figure 3a
for the case of uniform 2D APS, the capacity of the reference
system (Ref) increases with increasing antenna spacing due to
decreasing output correlation, and stabilizes around d = 0.3λ,
when the correlation is low enough so that it is no longer the
dominant influence. Matched antenna systems (S1-S5) exhibit
differences in capacity performance relative to Ref due to
their respective behavior in both power loss (efficiency) and

TABLE II

AVERAGE PERFORMANCE ON MIMO CAPACITY ESTIMATION BASED ON

DIFFERENT EVALUATION CASES WITH (1) UNIFORM 2D APS (UNI); (2)

LAPLACIAN 2D APS (LAP).

UNI LAP

Magnitude -19.6% -12.7%

Random-phase +2.2% +20.6%

Simple phase-synthesis a -3.2% -2.1%

Improved phase-synthesis a′ -0.5% -0.3%
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Fig. 4. Estimation error on MIMO capacity versus antenna spacing (in
wavelength unit), with (i) uniform 2D APS: (a) Random-phase pattern, (b)
Simple phase-synthesis pattern, (c) Improved phase-synthesis pattern; (ii)
Laplacian 2D APS: (d) Random-phase pattern, (e) Simple phase-synthesis
pattern, (f) Improved phase-synthesis pattern.

output correlation. In particular, when the multiport matching
networks (S4 and S5) are employed, even with very small
antenna spacings, good capacity performance can still be
obtained, which is partly due to the very low output correlation
of the system (see Figure 2). Moreover, as pointed out in [4]
and [5], the RX antennas in S4 and S5 are also perfectly
matched (i.e., no loss of efficiency due to self-reflection or
coupling).

When the APS is of limited angular spread, e.g., a Laplacian
2D APS, the output patterns are highly correlated so that a
poorer capacity performance is obtained as shown in Figure 3b.

2) Magnitude pattern: Magnitude patterns result in a high
output correlation which leads to a low channel capacity.
This is confirmed in Table II where the MIMO capacity is
unacceptably underestimated.

3) Random-phase pattern: Random phases are added to the
magnitude patterns to mitigate the aforementioned capacity
underestimation. As can be seen in Figure 4a, this approach
generally offer a good capacity estimation performance in a
propagation environment with uniform APS. However, since
random phases maximize phase diversity without considering



the environment or the antenna systems, it can lead to an
overestimated performance. As can be seen in Figure 4a for
small antenna spacings (d ≤ 0.1λ), capacity overestimation is
observed for systems S1 and S2, whereas the estimation error
is negligible for S3, S4 and S5. This can be interpreted by the
very low phase correlations of S3, S4 and S5 which enable
random phases to offer good approximation.

On the other hand, when the propagation environment
is with Laplacian 2D APS, the output patterns are more
highly correlated than the uniform 2D case and thus bear less
resemblance to random phases. Figure 4d clearly shows that
random-phase patterns lead to significant overestimation.

4) Simple phase-synthesis pattern: The synthesized phases
according to the array steering vector a should be precise if
neither mutual coupling nor matching networks are considered,
since these two factors can change the phases in a signifi-
cantly. However, as indicated by Table II and Figure 4b, it
leads to underestimated capacity when these effects are taken
into account in S1-S5. The errors are reduced for the propa-
gation environment with Laplacian 2D APS (see Figure 4e),
since in this case the spatial correlation as described by the
array steering vector dominates the performance.

5) Improved phase-synthesis pattern: Using some trials and
errors, appropriate values of ζ in (10) are found to be 0.5
and 0.9 for the propagation environment with uniform and
Laplacian 2D APS, respectively. One can also optimize ζ by
formulating the capacity estimation problem as an optimiza-
tion problem. In Table II, it can be seen that the improved
phase-synthesis method using the phase vector a′ achieves the
best overall performance. It achieves a good balance between
the overestimation resulted from the random phases and the
underestimation resulted from the simple synthesized phases
by adding a degree of randomness to the steering vector
according to the correlation of magnitude patterns.

C. Discussions

The above study shows that magnitude-only patterns result
in unacceptably large estimation errors of MIMO capacity
performance for both uniform and Laplacian 2D APS. This
finding is consistent with the results in [8], which indicates
that channel capacity is significantly underestimated when
the phase information of the output patterns is unavailable.
Therefore, phases should be synthesized in a manner as to
mitigate the capacity underestimation. Additionally, different
matching networks in the antenna system have been shown to
change the phases significantly, which then produce different
correlation characteristics in the output patterns.

The random-phase approach simply adds random phases to
the magnitude patterns. With uniform APS and small antenna
spacings, random-phase patterns provide good performance
estimation for antenna systems with sophisticated matching
networks (S3-S5) in which the phase correlation is charac-
teristically low due to the matching networks. However, it
exhibits overestimated performance in simple matched systems
(S1 or S2) for uniform 2D APS and in systems S1-S5 for

Laplacian 2D APS. This is because in these cases the actual
phase correlation is higher than what random phases can offer.

On the other hand, the simple phase-synthesis patterns
result in capacity underestimation for small antenna spacings
in all the systems S1-S5. Therefore, an improved phase-
synthesis method is proposed in which the magnitude pattern
correlation is used to add a degree of randomness to the
steering vector phases. The results indicate that significantly
more accurate capacity estimation performance is achieved
over all the investigated parameters using the improved phase-
synthesis patterns.

V. CONCLUSIONS

This paper focused on the estimation of MIMO capacity
performance with synthesized antenna output patterns, and
different impedance matching networks, antenna spacings and
propagation scenarios are considered to provide a wide range
of correlation characteristics. The proposed phase-synthesis
approach using the array steering vector as well as the mag-
nitude pattern correlation has been found to give significantly
better performance than the existing random phase approach
for all the investigated parameters.
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