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ABSTRACT
A complete multiple-input multiple-output (MIMO) communication system with orthogonal
frequency-division multiplexing (OFDM) based on multiple excitation modes for a single
circular microstrip antenna is introduced. Traditional diversity techniques such as spatial
diversity by means of a linear antenna array or polarization diversity by means of a crosspolarized antenna array may prove to be unsuitable in the case of severe restrictions on antenna
size and spacing. A single microstrip antenna employing multiple modes is shown to be
comparable to conventional antenna arrays at a much lower cost in terms of size and spacing in
an urban micro-cell setting as defined by the Third-Generation Partnership Project (3GPP)
standards body. The throughput performance and signal detection of multimode antennas in flat
and frequency-selective fading environments is examined subsequently.
Mathematical expressions for the increase in capacity and diversity using an array
of multimode antennas are derived thereafter. Finally, a novel space-pattern diversity array is
analyzed to determine theoretical limits of capacity and diversity gain over traditional spatial
MIMO diversity.
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Chapter 1
INTRODUCTION
The field of wireless communications has been expanding at an overwhelming rate over
the past decade. Current theoretical research is focused on studying the interaction between
multiple users in a wireless environment, where each user employs multiple antennas to
achieve maximal data rates. This is prompted by the well-known theoretical results on
the increase in data rates for multiple-input multiple-output (MIMO) systems presented
in [1], [2]. MIMO systems enhance capacity by exploiting spatial diversity without requiring
additional bandwidth, thereby greatly increasing spectral i.e. bandwidth efficiency as seen
in Fig 1. For this reason, the MIMO system architecture has been adopted for upcoming
cellular communications standards such as Third Generation (3G) systems. The traditional
form of MIMO space diversity consists of multiple antennas physically separated by an order
of wavelengths λ at both transmitter and receiver.

Figure 1.1: MIMO System showing spatial diversity between the transmitter and receiver
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1.1

Motivation

However, the traditional MIMO approach of using a linear antenna array with multiple
elements separated by half-wavelength or more poses various implementation problems. The
diversity gain achieved is inversely proportional to the level of received signal correlation ρe .
Clarke [3] derived the following relationship between ρe and antenna separation d, with J0
being the zero-order Bessel function:
ρe = J02 (

2πd
)
λ

(1.1.1)

Fitting several antennas onto a small Mobile Station (MS) handset with sufficient element separation to achieve ρe 6 0.5 is a formidable challenge due to the severe restrictions
on space and aesthetics. Furthermore, it is complicated to calibrate and maintain antenna
arrays with many antenna elements. Alternative diversity solutions such as polarization
diversity also suffer from similar impediments, though to a lesser degree. A diversity mechanism based upon the different far-field radiation patterns of higher-order antenna modes is
an alternative which is considered in this thesis to resolve the problems stated above. Diversity gain in this case can be explained by the fact that different antenna patterns receive
different sets of multipath waves [5].
In addition to the form factor of antenna arrays, another key aspect of this thesis is
the choice of channel propagation model. The vast majority of technical papers on MIMO
systems use highly simplistic channel models such as a purely i.i.d Rayleigh model, or simple
ray-tracing models such as one-ring or two-ring. These models generate theoretical capacity
predictions which have been found to be overly optimistic when compared to experimental
MIMO measurements. This thesis therefore carries out analysis of antenna array performance
using the Third Generation Partnership Project (3GPP) Spatial Channel Model (SCM),
which has been developed based on experimental campaigns carried out over the course of
the past 20 years.
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1.2

Background and Previous Work

The notion of using higher-order antenna modes for wireless communications is generally considered to have first been proposed in [4]. The case of circular microstrip antennas
employing higher-order modes was examined in detail by Vaughan [12] with emphasis on
the electromagnetic theory aspects. Demmerle and Wiesbeck implemented this form of pattern diversity using a single biconical [8] and a single spiral [9] antenna element and showed
that Spatial Division Multiple Access (SDMA) was achievable. Svantesson [10] extended
multimode antennas (biconical and microstrip patch) to include MIMO applications and
demonstrated that multimode antennas offer characteristics similar to those of an uniform
linear array (ULA) by using only a single antenna element. However, [10] used a rough
approximation of the far-field patterns of a circular microstrip antenna given in [12] by neglecting the azimuthal component, in addition to using a simplistic one-ring channel model.
The case of a two-element array of collocated multimode circular patch antennas was examined in [11], but considered only one higher-order mode generation at a time on each element.
The modeled environment was the indoor clustered 802.11 model where due to collocation,
spatial diversity was also not a factor.
Additionally, possible MIMO applications are considered in [10], [9] and [11] from
the perspective of achievable receive diversity gain without any emphasis on the problem
of detection and separation of user data streams at the receiver. The channel model used
in [10] and many other articles on MIMO systems is a simplistic one-ring or two-ring model
which provides overly optimistic channel capacity results when compared with experimental
results [15], [20]. Similarly, [11] uses the Kronecker channel model which has been shown
to have inaccurate mutual information and expected error performance [20]. In addition,
the concept of MIMO arrays utilizing space-mode or space-frequency-mode diversity has not
been proposed prior to this thesis.
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1.3

Contributions

This thesis has the following novel contributions:
• Analysis and throughput comparison of multimode and conventional ULA antennas in
the 3GPP urban micro-cell environment with narrowband signals.
• Analysis of signal detection and error performance of multimode antennas and proposal
of detection algorithm named Successive Pattern Cancellation (SPC).
• Implementation of OFDM in multimode antennas and consequent analysis of wideband
MIMO performance in a frequency-selective fading environment.
• Introduction of spatial/mode diversity arrays for wireless communication which offer
additional diversity gain compared to conventional space-frequency arrays.

1.4

Thesis Organization

The current chapter has served to introduce the motivation behind this thesis and an
overview of previous work in the area of multimode antennas. The remainder of this work
is organized as follows.
Chapter 2 reviews the electromagnetic aspects of multimode microstrip antennas and
verifies that different modes may be used to generate dissimilar far-field antenna patterns.
Chapter 3 covers commonly-used MIMO propagation models such as the one-ring and
two-ring models and introduces the 3GPP urban micro-cell system model in detail.
Chapter 4 examines the problem of signal detection and demodulation at the receiver
end when using multimode diversity. The motivation behind introduction of SPC is defined.
Chapter 5 proposes and analyzes MIMO arrays employing a combination of space and
pattern diversity. Quantitative predictions of the increase in MIMO capacity and diversity
gain for spatial-pattern diversity arrays are subsequently presented.

4

Chapter 6 presents simulation results for multimode capacity performance compared to
conventional linear arrays in a variety of channel and array scenarios. Both narrowband and
wideband MIMO system capacities are presented, followed by numerical evaluations of the
bit error rate (BER) for multimode antennas with and without OFDM.
Chapter 7 offers conclusions and suggestions for future research.
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Chapter 2
ELECTROMAGNETIC THEORY
OF MULTIMODE ANTENNAS
The phenomenon of higher order antenna modes has been well documented in antennaspecific literature. The key idea that allows such modes to be used as individual antenna
ports for MIMO systems is that different modes have differing far-field radiation patterns
that are also dependent upon the azimuthal orientation.

2.1

Fundamental EM Concepts

A good starting point would be to define what is a mode and how it can be applied to
multi-user communications. Various antenna modes originate as propagation modes from
within the input waveguide, which necessitates a brief review of transmission line theory.
Waveguides are generally useful only for signals of extremely high frequency, where the
wavelength λ approaches the cross-sectional dimensions of the waveguide. Below such frequencies, waveguides are useless as electrical transmission lines. Antennas can be considered
as a particular class of waveguides which radiate energy.
Waveguides may be thought of as conduits for electromagnetic energy, the waveguide
itself acting as nothing more than a ’director’ of the energy rather than as a signal conductor in the normal sense of the word. In a sense, all transmission lines function as conduits
of electromagnetic energy when transporting pulses or high-frequency waves. However, because waveguides are single-conductor elements, the propagation of electrical energy down
6

a waveguide is of a very different nature than the propagation of electrical energy down a
two-conductor transmission line.
All electromagnetic waves consist of electric and magnetic fields propagating in the
same direction of travel, but perpendicular to each other. Along the length of a normal
transmission line, both electric and magnetic fields are perpendicular (transverse) to the
direction of wave travel. This is known as the principal mode, or TEM (Transverse Electric
and Magnetic) mode. This mode of wave propagation can exist only where there are two
conductors, and it is the dominant mode of wave propagation where the cross-sectional
dimensions of the transmission line are small compared to the wavelength of the signal.
When an electromagnetic wave propagates down a hollow tube, only one of the fields, either
electric or magnetic, will actually be transverse to the wave’s direction of travel. The other
field will ”loop” longitudinally to the direction of travel, but still be perpendicular to the
other field. Whichever field remains transverse to the direction of travel determines whether
the wave propagates in TE mode (Transverse Electric) or TM (Transverse Magnetic) mode.

Figure 2.1: Conventional rectangular microstrip patch antenna

2.2

Multimode Microstrip Radiation Patterns

The phenomenon of higher order antenna modes has been well documented in physics
and antenna-specific literature since 1950, but has not received much attention from communications engineers until the last decade. The key idea that allows such modes to be used as
individual antenna ports for MIMO is that different modes have differing far-field radiation
7

patterns that are also dependent upon the azimuthal orientation.
The antenna structure that is considered in the remainder of this work is the microstrip
or patch antenna. The author would like to emphasize that not only microstrip but almost
all antenna structures such as biconical, helical, spiral and log-periodic antennas are capable
of generating higher-order or multimodes. Microstrip antennas were chosen for detailed
analysis since they are a commonly used class of antennas in mobile communications, as well
as due to the author’s prior experience in designing and fabricating such antennas.
The mth -order mode far-field radiation pattern at a radial distance r for a microstrip
antenna of radius a and thickness h is
→
→
−
−→ −ejkr −
( θ Em,θ + φ Em,φ )
Em =
r

(2.2.1)

where
Em,θ =

Em,φ

j m Vm0 kf a
(Jm+1 (z) − Jm−1 (z))(cos [m(φ − φ0 ])
2

j m Vm0 kf a
=
(Jm+1 (z) − Jm−1 (z))(cos θ)(sin [m(φ − φ0 ]))
2
z = kf a(sin θ)

(2.2.2)

(2.2.3)
(2.2.4)

Jm (x) represents the second Bessel function of order m and argument x, and φ and
θ represent the elevation and azimuthal angles respectively. In addition, φ0 is the reference
angle corresponding to the input feed point with peak input voltage Vm0 for the mth mode,
and kf is the free-space propagation constant (wave number).
Fig. 2.2 depicts the far-field radiation patterns for modes 1, 2, 5 and 6. The 0th or
fundamental mode has an isotropic radiation pattern which may be inferred from eq. 2.2.2,
thereby rendering it unsuitable for the purpose of creating directional patterns. The radius
of the multimode antenna is proportional to the number of modes that can be supported [24],
as shown here
0

χλ
−
→
a = √
2π r
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(2.2.5)
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Figure 2.2: Individual far-field antenna radiation patterns for a microstrip circular antenna
excited with multiple modes. (a) m = 1. (b) m = 2. (c) m = 5. (d) m = 6.
where λ is the wavelength corresponding to the system carrier frequency, r is the dielectric
0

constant of the patch substrate, and χ is the first zero of the derivative of Bessel function
Jm . For a carrier frequency of 2 GHz and r = 2.5, 6 antenna modes may be supported
by a patch radius of 12 cm. The feed geometry for exciting multiple modes on a circular
microstrip antenna is given in detail in [12] and [7]. We assume coaxial feeds that are modeled
as infinitesimally thin plane current sheets. In order to excite higher-order modes we have
off-center multiple feeds with coordinates (α0 , β0 ) where 0 < α0 < a, and assume a single
mode is excited by a single feed.
The microstrip antenna is configured such that multiple higher-order modes exist simultaneously as seen in [10]. All modes are assumed to have the same polarization; therefore
polarization diversity is not included in the analysis. At any given time, the transmitted
radiation pattern is determined by the number of active input feeds to the antenna. If each
input feed represents an independent data stream, the maximum number of data streams
that can be transmitted is obviously governed by the number of modes Nm the antenna can
support. Therefore, each mode is analogous to an element of a conventional uniform linear
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antenna array (ULA). Fig. 2.3 shows the net radiation patterns obtained by the simultaneous
generation of multiple modes.
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Figure 2.3: Far-field radiation patterns obtained by superimposition of multiple modes. (a)
Net pattern for m = 2, 3 and 5. (b) Net pattern for m = 1, 3, 4, 5 and 6.
The advantage of using multiple antenna modes at the same time is evident: a singlemode transmission scheme as in [12] and [9] can carry only one data stream at a time,
compared to multiple data streams (up to Nm ) for the proposed system.
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Chapter 3
URBAN MICRO-CELL
PROPAGATION MODEL
The propagation environment of choice in this thesis is the urban micro-cell [34], [36]. In
brief, the urban micro-cell is defined as a cell of radius less than 1 km, or in other words two
neighboring base stations are separated by no more than 1 km. This is the cellular industry
propagation model for urban areas with dense populations or buildings with tall profiles,
such as downtown Wichita. The urban micro-cell scenario assumes that the Base Station
(BS) array is at rooftop-height compared to surrounding buildings.

Figure 3.1: Urban micro-cell showing signal propagation and path loss in Karlsruhe, Germany. Strong signal areas are marked bright red, moderate signal strength is indicated by
green, and no-signal areas are blue.
11

3.1

i.i.d Rayleigh Fading Channel Model

The independent and identically distributed (i.i.d.) flat Rayleigh fading channel is the
simplest and the most common channel model. An i.i.d. flat Rayleigh fading MIMO channel
Hw (also known as spatially white channel) is defined as having elements hi,j
hi,j =

√

0.5[N (0, 1) + jN (0, 1)]

(3.1.1)

where N (0, 1) denotes the normal distribution with zero mean and unit variance. Fading
paths are assumed to be uncorrelated with no mutual coupling between antennas.

3.2

One-Ring MIMO Channel Model

The One-Ring channel model has been described in [43], and used in [10] for multimode
MIMO. In this model, the BS is assumed to be elevated, which means that there is no
obstruction by local scattering while the MS is surrounded by a finite number of scatterers
lying in a circular disc with uniform distribution as seen in Fig. 3.2. The scatterers are
assumed to be omnidirectional re-radiating objects which reflect the plane wave directly to
the receiver antenna without influencing other scatterers [21]. Only those rays that reflect
once by the scatterer are considered, therefore this model is also known as the ’singlescatterer’ or ’single-bounce’ model.

Figure 3.2: One-ring channel model showing ring of scatterers around the MS [42]
For this model, the entries of the channel matrix H are generated as follows. Considering a single transmission path from nth transmit antenna to mth receive antenna intercepted
12

and reflected by lth scatterer, the channel gain hi,j is given as
r
L
1 X  [−j 2π (Dlm +Dnl )] 
hi,j =
αl e λ
L l=1

(3.2.1)

where αl ∼ N (0, 1) is the scattering coefficient due to the lth scatterer (l = 1, 2, . . . , L), Dlm
is the distance between the mth receive antenna and lth scatterer, Dnl is the distance between
the lth scatterer and the nth transmit antenna. The two-ring channel model is identical to
the one-ring model with the addition of a uniformly distributed ring of scatterers around the
BS itself.

3.3

3GPP Urban Micro-cell Model

The broadband spatial channel model (SCM) for MIMO [22] is chosen for analysis as it
is be considered to be more realistic than the purely i.i.d Rayleigh fading [14] or the onering [21] and two-ring outdoor channel models. In brief, the SCM is a 2-D parameter channel
model, which considers N clusters of scatterers. Each cluster corresponds to a path. There
are M unresolvable sub-paths within a path (M = 20) for SCM).

Figure 3.3: 3GPP SCM for antenna-arrays on the system downlink [22]
The microcell NLOS pathloss is based on the COST 231 Walfish-Ikegami NLOS model
[31], [32] with the following parameters: BS antenna height 12.5 m, building height 12 m,
building to building distance 50 m, street width 25 m, MS antenna height 1.5 m, orientation
30 deg for all paths, and selection of metropolitan center. For an S element linear BS
array and a U element linear MS array, the channel coefficients for one of N multi-path
13

components are given by a matrix of complex amplitudes. If we denote the channel matrix
for the nth multi-path component (n = 1, . . . , N ) as An (t), then the (u, s)th component
(s = 1, . . . , S; u = 1, . . . , U ) of An (t) is denoted by h(t) and written as [22]
r
h(t) =

M
q

Pn σSF X q
AoD
AoA
AoD )ej[kf ds sin(θn,m )+Φn,m ]
AoA )ej[kf du sin(θn,m )] ej[kf Ψ]
GBS (θn,m
GM S (θn,m
M m=1
(3.3.1)

where
kv|| cos(θn,m,AoA−θv t)
is the lognormal shadow fading,
applied as a bulk parameter to the n paths for a given drop.
M
is the number of sub-paths per path.
AoD
θn,m
is the AoD for the mth subpath of the nth path.
AoA
is the AoA for the mth subpath of the nth path.
θn,m
GBS (θn,m,AoD ) is the BS antenna gain of each array element or mode.
GM S (θn,m,AoA ) is the MS antenna gain of each array element or mode.
j
is the square root of -1.
ds
is the distance (meters) to BS element s from reference (s = 1) antenna.
For the reference antenna s = 1, d1 = 0.
du
is the distance (meters) to MS element u from reference (u = 1) antenna.
For the reference antenna u = 1, d1 = 0.
Φn,m
is the phase of the mth subpath of the nth path.
kv||
is the magnitude of the MS velocity vector.
θv
is the angle of the MS velocity vector.
Ψ
σSF

It is evident that the 3GPP SCM is a vastly more complex modeling tool compared to
the i.i.d and one-ring MIMO channel models. This conclusion is supported by the fact that
the author’s MATLAB implementation of the 3GPP SCM spans nearly 2000 lines of code,
compared to a combined 50 lines for the i.i.d and one-ring models. The author conjectures
that the complexity of the 3GPP SCM is one of the reasons why very few research papers
in the last few years have used this model for capacity predictions.
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Chapter 4
SIGNAL DETECTION FOR
MULTIMODE MIMO ANTENNAS
4.1

Flat Fading

In this section, flat fading signifies that the modulated signal bandwidth B is much
narrower than the channel coherence bandwidth. Hence, no frequency-division multiplexing
is used because the component channel frequency response is relatively constant over the
signal bandwidth B. Using the parameters from the previous chapter for the generation of
Nm × Nm , i.e., U × S channel coefficient matrix H which is analogous to An (t) from the
previous chapter, the received signal vector of our multimode MIMO system with Nm modes
may be modeled as
r
rk =

SN R
Hsk + nk
Nm

(4.1.1)

where SNR is the signal-to-noise ratio, k is the symbol index, r ∈ C Nm ×1 is the received
signal vector, s ∈ C Nm ×1 is the transmitted signal vector, and n ∈ C Nm ×1 is the complex
zero-mean additive white Gaussian noise vector with covariance matrix E[nn† ], where E is
the statistical expectation.

4.2

Frequency-Selective Fading

Wideband MIMO channels are usually defined by a bandwidth-delay spread product B ×
τRM S > 0.1, The r.m.s. delay spread τRM S is the standard deviation (or root-mean-square)
15

value of the delay of reflections, weighted proportional to the energy in the waves scattered by
multipaths. Such wideband channels suffer from frequency-selective fading, i.e. the channel
response H(f ) varies over B. Orthogonal frequency division multiplexing (OFDM) has been
proposed as a multi-carrier scheme to combat the effects of frequency-selective fading [42].
MIMO systems combined with OFDM have been proposed as a suitable alternative for
wideband channels [41]. For the wideband transmission scenario, each mode comprises an
OFDM transmitter employing Nc subcarriers (tones). The coherence bandwidth is constant
over a subcarrier but varying over the entire bandwidth which characterizes a frequencyselective fading channel.

Figure 4.1: MIMO-OFDM system.
In this case, the received vector rc on the cth subcarrier can be represented as
r
SN R
rc =
Hsc + nc
(4.2.1)
Nm
where sc is the Nm × 1 transmitted vector, nc is additive noise with zero mean and unit
variance, and H is the dimensional frequency-selective channel matrix for the cumulative N
multipaths.
Table 4.1: OFDM Parameters
Data subcarriers
64
Subcarrier spacing
15 kHz
OFDM Symbol Time
64 symbol periods
Guard Interval
16 symbol periods
QAM Modulation Order
1, 2, 4, 6 or 8
We consider a maximum of N = 6 multipaths generated using the power delay profile
16

specified by the 3GPP urban micro-cell SCM [5]. Adaptive bit-loading [25] and variable-rate
variable-power M-ary Quadrature Amplitude Modulation (MQAM) [26] up to 256-QAM is
adopted for performance optimization.

4.3

Multimode Signal Detection

This section considers the various possible approaches to multimode signal demodulation
and detection.

4.3.1

Matched Filter/Detector

Given the above representation for the received signal at the MS, we may apply techniques such as matched filter/detector or MMSE [14] for signal detection and separation.
This is simplified by the assumption that the radiation patterns of all the modes used for
communication are known both to the transmitter as well as receiver. Let the information
bit-stream for user i at time t be denoted by dim (t) which is selected for transmission using
antenna mode m. Assuming binary phase-shift keying (BPSK) modulation, the transmitted
signal for the mth data stream with antenna gain gm (φ) is
sm (t) = dim (t)gm (φ)

(4.3.1)

Therefore, the net transmitted signal vector s is a combination of all the user signals
active over any given symbol period. This suggests that a simple detection methodology
would be to perform a signal correlation (using inner product) between the received symbol
rk and each of the known mode patterns in parallel. As mentioned earlier, the inner product
of dissimilar modes is negligible. Symbol detection may then be performed by a hard decision
on the sign of the inner product with a threshold of zero.

4.3.2

Successive Pattern Cancellation (SPC)

Higher order modes present in a super-imposed transmission signal will exhibit a higher
correlation with the net signal compared to lower order modes. Therefore, for enhanced
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modal detection, successive interference cancellation (SIC) with regard to the multimode
patterns may be applied as an additional stage after the initial matched filter banks. The
matched filter values for all modes are arranged in ascending order to determine the dominant
mode present. The radiation pattern corresponding to this mode is then subtracted from the
received signal r and the mode detection stage is repeated to ensure that all the transmitted
modes have been detected.

4.3.3

Zero-Forcing and MMSE detection

Zero-forcing equalization (ZFE) is a well-known candidate for mode detection with the inherent disadvantage of noise power enhancement [27]. Minimum mean-square error (MMSE)
estimation is another candidate for linear multimode detection in both the flat-fading as well
as OFDM (frequency-selective fading) scenarios. The standard MMSE expression is as follows [28]
r
GM M SE =

Nm
Es



Nm
H H+
IN
SN R m
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†


(4.3.2)

Chapter 5
MULTIMODE MIMO CAPACITY
AND DIVERSITY
Conventional diversity approaches in wireless communications may be summarized as
follows:
• Spatial diversity
• Time diversity
• Frequency diversity
• Polarization diversity
• Multiuser diversity
• Cooperative diversity
Time diversity implies that the same data is transmitted multiple times to combat
channel errors [39]. Since this leads to a loss in throughput due to symbol repetition, time
diversity will not be considered in this work which is focused on maximizing data rate.
Polarization diversity techniques have not received as much attention as others due to the
significant difference in mean signal level between co-polarized and cross-polarized branches
when one polarization is transmitted [29]. Although effective, polarization diversity alone
does not suffice once the number of antennas exceeds the number of orthogonal polarizations,
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which is very small [30]. Hence, in large arrays polarization diversity must be combined with
space diversity for effectiveness.
Until now, MIMO arrays have been restricted to those which simultaneously exploit
space-frequency or space-polarization diversity. For the former case, a joint space-frequency
waterfilling algorithm has been shown to be the optimal transmission strategy in the full
CSIT case [38], [40]. This chapter introduces a novel MIMO array which exploits spacemode or space-frequency-mode diversity which allows waterfilling in three dimensions.
For the remainder of this chapter, we consider a single-user MIMO scenario with two
different arrays: a M × M ULA of single-mode dipoles and a P × P MEA of N -multimode
patch antennas as illustrated in Fig. 5. Both the ULA and the MEA are assumed to have
identical element spacings of d = λ. Asymptotic bounds on the capacity and diversity gain
for the MEA over the ULA are derived for theoretical understanding. Practical issues such
as any increase in number of power amplifiers are not considered in this section.
TX ARRAY
MULTIMODE
TX ARRAY

1

P

M

1

1

M

1

P
MULTIMODE
RX ARRAY

RX ARRAY

Figure 5.1: M-dipole ULA and N-mode multimode element array
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It is well-known that the instantaneous channel capacity of a M × M MIMO channel
with channel matrix H known at the receiver can be represented as [1]
C = log2 |IM +

SN R
HH† |
M

(5.0.1)

where |.| denotes the matrix determinant, IM is the M × M identity matrix and † signifies
the conjugate transpose or Hermitian operation.

5.1
5.1.1

Flat fading Capacity Comparison
Uncorrelated Fading

For the M × M ULA, we know the asymptotic ergodic capacity as M → ∞ is given
by [39]
CU LA = M log2 (|1 + SN R|)

(5.1.1)

Similarly, the asymptotic capacity for the P -element MEA as P → ∞ is given by
CM EA = N P log2 (|1 + SN R|)

(5.1.2)

It is evident that if M = P , the MEA offers a capacity gain factor of N bits/sec/Hz
over the ULA for a given SNR, where N is constrained by the antenna radius a. For the
M = N P case both the ULA and the MEA will have equivalent capacity under the i.i.d
Rayleigh fading assumption.

5.1.2

Correlated Fading

In the case of spatially correlated fading, the correlated MIMO channel H may be modeled
as a product of transmit correlation matrix Rt , a spatially white channel matrix Hw and a
receive correlation matrix Rr ,
1/2

H = Rr1/2 Hw Rt .

(5.1.3)

The resulting MIMO capacity is defined as
C = log2 (|IM +

SN R 1/2
Rr Hw Rt H†w R†/2
r |),
M
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(5.1.4)

which is equivalent to the following at high SNR:
C ≈ log2 |

SN R
Hw H†w | + log2 |Rr | + log2 |Rt |
M

(5.1.5)

Assuming M = N P , i.e. N = 1 for a fair comparison, the received envelope correlation for both the ULA and MEA is given in [18], [10]. From 5.1.5 we obtain the result that
the receive correlation for the MEA is higher than for the ULA, given M = N P .
It is trivial to check that for M = P and N > 1 the MEA offers higher capacity even
under correlated fading conditions.

5.2

Flat fading Diversity Comparison

5.2.1

No Channel State Information at Transmitter

For the M ×M ULA, with the use of uncoded spatial multiplexing (independent data symbol transmission from each antenna) we can achieve an average Pairwise-Error-Probability
(PEP) of
P e,U LA

1
≤
λGM
i,j



SN R
4M

−M
(5.2.1)

The slope of the PEP curve shows that the achievable diversity order for the ULA is M .
Similarly, the P × P MEA of N -multimode antennas will offer a diversity order of P M
if M = P . Therefore the diversity gain is increased by a factor of P by using a multimode
array.

5.2.2

Complete Channel State Information at Transmitter

If complete CSIT is assumed for the MIMO system, then the optimal diversity and array
gain may be extracted from the system. Following the analysis in [16], the average PEP
expressions for the ULA and MEA are

P e,U LA ≥ Ne


P e,M EA ≥ Ne

SN Rd2min
4

SN Rd2min
4
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−M 2
(5.2.2)

−P 2 M 2
(5.2.3)

From the exponent of the PEP, we can see that the diversity order for the MEA with
full CSIT is P 2 times greater than the ULA diversity order.

5.3

Joint Spatial-Modal Waterfilling

Considering the M × M ULA with complete CSIT, the conventional power-allocation
strategy is known as the waterfilling (or waterpouring) algorithm [1]. Knowledge of the
channel allows the transmitter to decompose it into the constituent sub-channels and allocate
variable transmit power according to the sub-channel strengths (eigenvalues). If the rank of
channel matrix H is assumed to be rH , then the MIMO capacity achieved by waterfilling
restricted to the spatial domain is
C = Prmax
H
i=1

rH
X

γi =M


log2

i=1


SN Rγi
λi ,
1+
M

(5.3.1)

where λi is the ith eigenvalue of Hw H†w , and γi is the power allocated to the ith sub-channel
given a total power constraint of M .

We have seen that multimode antennas offer

additional degrees of freedom by means of MIMO diversity. This can be exploited by performing joint spatial-modal waterfilling, provided that the transmitter has complete CSIT.
For a MEA with P = M antenna elements and N multimodes per antenna, the rank of
the effective channel matrix Hef f is N rH assuming orthogonal modes. In other words, N rH
sub-channels are now available for data transmission.
C = P max
NrH
i=1

N
rH
X

γi =NM i=1


log2


SN Rγi
†
1+
λi (Hef f Hef f ) ,
M
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(5.3.2)

Chapter 6
SIMULATION EVALUATIONS
Ergodic capacities and mean error probabilities are obtained by averaging over a minimum
of 10000 channel realizations in this section. The following SCM parameters were chosen for
the subsequent numerical evaluations using MATLAB:
Table 6.1: SCM System Parameters
Number of paths N
1,2,3 and 6
Subpaths per path M
20
MS velocity v
1 m/s

40
35

Capacity (b/s/Hz)

30
25
20
15
10

2 paths
3 paths
6 paths
i.i.d

5
0

0

5

10

15
SNR (dB)

20

25

30

Figure 6.1: Multimode capacity versus SNR in flat-fading 3GPP urban micro-cell environment for Nm = 6 modes at both BS and MS, and N =2, 3 and 6 multipaths.
Fig. 6.1 is a compilation of 6-mode microstrip capacity performance versus SNR in
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flat Rayleigh fading with 2, 3 and 6 multipaths in the SCM environment. As expected,
system capacity increases with the richness of the multipath environment, for example the
SCM with 6 scatterers enhances multimode throughput by 37.5% compared to 2 scatterers
at 20 dB SNR.
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Capacity (b/s/Hz)

25

20

15

10
2 paths
3 paths
6 paths
i.i.d
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5

10

15
SNR (dB)

20

25

30

Figure 6.2: Throughput versus SNR in flat-fading 3GPP urban micro-cell environment for
ULA with 6 dipoles at both BS and MS, and N = 2, 3 and 6 multipaths.
For comparison purposes, the capacity results are also obtained for a uniform linear
array (ULA) of 6 dipoles at BS and MS operating in an identical 3GPP flat-fading SCM
scenario as seen in Fig. 6.2. The 6 dipole ULA outperforms the multimode antenna with
6 modes by no more than 12% at any SNR value. The results for the multimode and ULA
throughput in the 3GPP SCM show similar trends to the one-ring model capacity evaluation
in [5].
Fig. 6.3 is a comparison of the throughput of a 6-mode microstrip and ULA with 5 and
6 dipoles versus SNR in a frequency-selective Rayleigh fading SCM environment with N =
6 multipaths. Once again the 6-dipole ULA outperforms the 6-mode microstrip e.g. by 15%
at 25 dB SNR. However, the 6-mode patch is seen to offer consistently higher throughput
than the 5-dipole ULA at all SNR values.
25
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Throughput (bits/s/Hz)
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15

10
6 x 6 ULA, N = 6
6 mode patch, N = 6
5 x 5 ULA, N = 6
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0

0
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15
20
Eb/N0 (dB)

25

30

35

Figure 6.3: Throughput versus SNR in 3GPP urban micro-cell environment for ULA with 6
dipoles at both BS and MS, multimode patch with 6 modes, and ULA with 5 dipoles with
frequency-selective fading.
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Figure 6.4: System BER versus SNR (dB) for frequency-domain ZF detection for 5 and
6-dipole ULA and 6-mode multimode antenna, adaptive MQAM modulation, frequencyselective fading channel.
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Fig.6.4 displays the error performance of the 6-dipole ULA and 6-mode microstrip
patch antenna respectively for ZF OFDM symbol equalization. It is observed that the 6mode microstrip BER is within 0.9 dB of the 6-dipole ULA for all SNR values.
Tables 3 and 4 illustrate the improvement in multimode matched-filter detection by
application of SPC. The detection of weaker modes is enhanced by 45% for mode m = 1, for
example.
Table 6.2: Initial Spatial Matched Filter Stage Output, SNR = 5 dB
Mode1 Mode2 Mode3 Mode4 Mode5 Mode6
95
165
270
300
320
361

Table 6.3: Second Spatial Matched Filter Stage Output after SPC, SNR = 5 dB
Mode1 Mode2 Mode3 Mode4 Mode5 Mode6
173
282
290
313
360
0
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Chapter 7
CONCLUSIONS
This paper demonstrates the feasibility of multiple-mode diversity using a single antenna
in a realistic urban micro-cell environment for both flat and frequency-selective fading scenarios. A microstrip patch antenna employing up to 6 higher-order modes is found to be
comparable to a conventional linear antenna array with a significantly lower cost in terms
of size and spacing. The 3GPP SCM is modeled as the propagation environment to obtain
pragmatic theoretical performance results that should be more compatible with experimental
evaluations. Future research in this area may focus on combining spatial, frequency and multimode diversity, as well as a more thorough investigation on the optimal signal processing
design for multimode antennas.
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