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Abstract 

 
 The advent of Multiple Input Multiple Output (MIMO) systems for broadband applications has resulted in an 
increased need to find ways to incorporate this technology into a variety of products for the applications at hand.  In 
this paper, a two antenna MIMO system is described for a compact, external card product featuring a USB 
connector.  The performance of the antenna system is assessed via the statistical behavior of the maximum capacity 
and data rate that can be obtained in a certain propagation environments, in various orientation cases and under 
adaptive modulation and coding (AMC).  

 
1. Introduction 

 
 MIMO antenna systems seek to offer high data rates to consumers by efficient utilization of the radiated 
signal energy in multi-path propagation environments.  Traditionally, link budget calculations are made in terms of 
the power levels required to meet a certain Signal-to-Noise Ratio (SNR) which, in turn, is used to determine system 
capacity and data rate.  Therefore, antennas have been traditionally designed according to specifications like gain, 
efficiency, etc.  However, these metrics are not enough to characterize multi-antenna system performance.  Some 
attempts have also been made to use additional metrics, like correlation coefficient, isolation, mean effective gain, 
etc.  While these metrics provide additional information, it has been observed that they are not fully sufficient in 
predicting the relative performance of different antenna systems, primarily because these metrics ignore or over 
simplify the interaction of the antenna with the propagation channel.  In this article, the MIMO performance of two 
practical dipole antennas on a small portable device is simulated using an electromagnetics exact formulation that 
combines the antenna radiation patterns with a plane wave decomposition of the channel.  Various positions of the 
dipoles are studied to properly asses the MIMO performance as the coupling between the antennas is varied.   

 
2. MIMO Performance Simulation Method 

 
 Figure 1 shows a typical MIMO system with its Tx and Rx arrays in a complex multi-path propagation 
environment.  The propagation environment is modeled as clusters of rays leaving the transmitter and landing on the 
receiver, in a manner similar to those described in previous literature [1, 2].  The properties of these clusters, such as 
Angles of Arrival (AoA) and Departure (AoD), power delay profile, fading components of path loss, etc., are based 
on statistical models of the type described in the IEEE TGn documents [1].  A few thousand instances of these 
cluster-based models are generated using random numbers to create a statistically robust sample of the propagation 
environment.  The parameters of these random numbers, like the mean angle and angular spreads of the rays in a 
cluster, fast fading components, etc., and the fixed parameters, like the power delay profile, the number of clusters 
and rays in a cluster, define the type of environment that is being modeled (e.g. large outdoors, large indoors, etc.).   

 
Figure 1: A typical MIMO system 
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The active E-field antenna radiation patterns, i.e., the E-field patterns for each antenna when it is excited by a 1V 
source and all antennas in the array are terminated with their respective generator (or receiver) impedance, can be 
simulated using a full wave 3-D finite element method software or they can be measured.  Both polarizations are 
required and considered here.  The composite channel matrix is the voltage transfer function between Tx and Rx 
antenna ports, as affected by their loads, and is expressed as 
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transmit antennas,  ( )TRTTRR rrRT ,;,;, φθφθ  is a complex dyadic representing the polarization and path loss 

transfer function for a given ray propagating through the channel.  The angles RR φθ ,  and TT φθ ,  are represented 

in the local spherical coordinate system at the receiver and transmitter, respectively.  In the frequency domain, the 
contributions from the individual rays are vectorially added to obtain the resultant channel matrix.  Assuming NT 
transmitting antennas, identical terminations and the same Signal-to-Noise Ratio (SNR) at all Rx ports, a simple 
metric that can be used for comparing antenna systems is the theoretical channel capacity limit [3] 
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3. MIMO Performance Simulation  

 
Figure 2 shows the simulation model of a portable device with two sleeve dipoles attached near one end.  The 

device consists of typical electronic components, like the printed circuit board (PCB), integrated circuits, plastic 
housings, etc.  The two antennas are sleeve dipoles, consisting of a coaxial cable that has the center conductor 
extended to form one half of the dipole and the other half of the dipole is composed of a metallic sleeve around the 
coaxial cable.  The sleeve also acts as a balun that transforms the unbalanced coaxial cable to the balanced 
impedance of the dipole.  The antennas are connected to the PCB through the coaxial cable.  Both antennas can be 
rotated to different positions to optimize the link performance.   The distance between the antenna centers is 
approximately 0.4λ in their closest orientations.  The antenna performance was simulated using full wave 3-
dimensional finite element method software. 

 

 

 

 

 

(a) Device geometry (b) Sleeve dipole 

Figure 2: Two sleeve dipole antennas on a portable device 

Several parameter studies were conducted by rotating the antennas to different positions.  Figure 3 shows 
the S-parameters and system efficiency of the antennas at 2.6 GHz in one parameter study, where the orientation 
angle of the first antenna, ψ1, was varied from 0° (antiparallel to the x-axis) to 180° (parallel to the x-axis) and the 
2nd antenna is fixed at ψ2 = 90°.  As expected, it is observed that the return loss of the first antenna deteriorates 
when it is close to 0° degrees due to the coupling to the PCB, while the return loss of the second antenna does not 
change much.  The isolation between the antennas is observed to be poor when the antennas are oriented parallel to 
each other at an orientation of 90° and correspondingly, the antenna efficiency is observed to be lower for this 
orientation.  Figure 4 shows the isolation between the antennas and the antenna efficiency for another parameter 
study where the orientation of both antennas is varied from 0° to 180°.  Again, the results show that the isolation 
between the antennas decreases when they are oriented parallel to each other, with the exception when both the 
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antennas are close to 0°.  However, the return loss was observed to be poor for both the antennas at this orientation, 
due to the coupling with the PCB.  The efficiency of the antennas also follows a similar pattern, with drops in the 
efficiency observed when the antennas are oriented parallel to each other or when they are close to 0°.  Figure 5 
shows the antenna 3-D radiation patterns for orientation cases (ψ1, ψ2) ∈ {(0°,180°), (90°,180°)}.  The radiation 
patterns change with antenna coupling and proximity to the PCB.   

  
(a) S-parameters (b) Antenna efficiency 

Figure 3: Simulated performance of antennas as a function of orientation angle of first antenna 

 

   
(a) Isolation (S21) (dB) (b) Efficiency of antenna 1 (%) (c) Efficiency of antenna 2 (%) 

Figure 4: Simulated performance of antennas as a function of orientation angles of both antennas 

 

    
(a) Ant 1 case (0°,180°) (b) Antenna 2 at (0°,180°) (c) Ant 1 case (90°,180°) (d) Ant 2 case (90°,180°) 

Figure 5: 2.6GHz total field radiation pattern of indicated antenna at indicated orientation case 

 
The MIMO performance of the antenna system was assessed using the methodology described above.  A 

1x2 MIMO system in a TGn-b like channel (a large indoor environment [1]) using an isotropic antenna as the Tx 
and the two sleeve dipoles at the Rx was simulated.  3000 random instances of the channel were created per antenna 
orientation case by varying the mean AoA and AoD over 4π.  Figure 6(a) shows the expected mean capacity of the 
system vs. the orientation angles of the first antenna when the second antenna is at 90°.  It is observed that the 
capacity is low for an orientation of 90°, where the two antennas are co-polarized and close to each other, and also at 
0°, where the return loss of the antenna is poor due to the coupling with the PCB.  The mean capacity of the MIMO 
system is plotted as a function of the orientation of both antennas in Figure 6(b).  The results show that the MIMO 
capacity is good when the two antennas are oriented orthogonal to each other where they have the most polarization 
and pattern diversity.  The capacity drops a little when the antennas are parallel to each other, either in close 
proximity or collinear, since the polarization and pattern diversity is small.  However, the biggest impact on capacity 
is observed when the antennas are close to the PCB due to the poor return loss of the antennas in this position.   



 

  
(a) Various orientations of antenna 1 ( antenna 2 is at 90°) (b) Various orientations of both antennas 

Figure 6: Mean capacity (b/s/Hz) for 1x2 MIMO as a function of antenna orientation 
 
The theoretical capacity and link efficiency are computed for the 1x2 MIMO communications system 

above using a 20dB average SNR at the Rx.  Their Cumulative Distribution Functions (CDF’s) are depicted in 
Figure 7.  The link efficiency is computed using the Exponential Effective SIR Mapping (EESM) method [5, 6] for 
a targeted Frame Error Rate (FER) of 1% in an AMC scheme.  The modulation [coding rate] is selected from the set 
{QPSK, 16-QAM, 64-QAM} [{1/5, 1/4, 3/8, 1/2, 3/4}] in order to maximize throughput.  The results show that the 
link efficiency and theoretical capacity vary with the antenna orientation following similar trends. 
 

  
(a) Capacity (b) Data rate per Hertz 

Figure 7: The Cumulative Distribution Function (CDF) for different orientations of the antennas 

 
5. Conclusion 

 
A MIMO portable device antenna system consisting of two sleeve dipoles has been simulated with a 

statistical cluster based channel model. The simulations show that the performance of the system depends on the 
antenna orientations and the best performance is typically obtained when the two antennas are orthogonal to each 
other and not aligned with the PCB.  This demonstrates the effectiveness of this methodology in modeling the 
MIMO system performance with proper consideration of the antenna effects. 
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