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ABSTRACT 
 

Signal fading and intersymbol interference created by multipath propagation have traditionally 
limited the throughput on wireless communications systems. However, recent research has 
demonstrated that by using multiple antennas on both transmit and receive ends of the link, the 
multipath channel can actually be exploited to achieve increased communication throughput over 
single-antenna systems. This paper provides an introductory description of such multi-antenna 
communications systems, focusing on basic explanations of how they achieve capacity gains. 
Computed and measured capacity results are used to demonstrate the potential of these systems. 
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INTRODUCTION  
 

Channel impairments created by multipath propagation pose a substantial problem in wireless 
communications, with the associated fading often significantly limiting the system throughput. 
Typically, frequency or spatial diversity techniques coupled with equalization and channel coding 
are employed to overcome the difficulties posed by this type of channel. However, remarkable new 
research has demonstrated that by proper utilization of multiple antennas at the transmitter and 
receiver, this multipath can actually be exploited to increase the communication throughput for a 
given bandwidth [1]-[3]. This use of multiple antennas now allows the transmitted data to be coded 
in space as well as time, and the process is therefore referred to as Space-Time coding. Such 



 

multiple-input multiple-output (MIMO) systems have the potential to dramatically increase spectral 
efficiencies in a variety of communications applications. 
 
The purpose of this paper is to provide a tutorial explanation of space-time coding for wireless 
communications in general. Specifically, we will focus on the multipath channel and demonstrate 
how increased throughput or channel capacity is enabled through the use of multiple antennas. We 
will also perform some simple computational studies and provide measured data to demonstrate the 
potential performance of MIMO systems for various propagation scenarios. Finally, we will present 
the general concept of spatial coding and will discuss the applicability of MIMO communications 
for aeronautical telemetry applications. 
 
 

CAPACITY FOR INDEPENDENT CHANNELS 
 
In discussing the performance of communication systems, we will use the metric of channel 
capacity. This quantity provides an upper bound on the information throughput per unit bandwidth 
for a channel characterized by a signal-to-noise ratio (SNR). MIMO systems achieve capacity gains 
by dividing the multipath propagation channel into independent sub-channels and appropriately 
dividing the data across these channels. To understand the benefit of this approach, we first examine 
a simple example. Consider a single transmission line that carries information from a transmitter to a 
receiver. The capacity of this system is [4] 
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where C1 is in units of bits/second/hertz and S and σ2 represent the signal and noise powers, 
respectively, at the receiver. Suppose now that the power S is divided equally among N independent 
transmission lines, each with its own transmitter and receiver. Assuming each receiver individually 
detects a noise power σ2, the aggregate capacity becomes 
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The important conclusion concerning this result is that while the power has been divided by a factor 
of N, this reduction is within the logarithm and therefore has less of an impact on the capacity than 
the multiplication by N due to the communication over independent channels. For example, 
assuming a signal-to-noise ratio of S/σ2  = 100 (20 dB) and N = 5 parallel channels, we obtain C1 = 
6.7 bits/s/hz and C5 = 21.7 bits/s/hz. Clearly, the use of parallel channels provides a substantial 
benefit in communication capacity. This capacity gain will continue to improve as the number of 
channels increases.  
 
 
 
 
 
 



 

CAPACITY FOR MULTIPATH CHANNELS 
 
Multipath Channel Description 
 
Given the clear advantage of using parallel channels for communication, we now discuss the 
independent channels created by multipath propagation and formulate a capacity expression 
appropriate for MIMO systems. To facilitate this discussion, consider the scenario depicted in Figure 
1. In general, the baseband data is fed into a space-time encoder that will determine how to send the 
information using the N transmit antennas. The transmitted signal will propagate through the channel 
and be detected by M receive antennas before being decoded to extract the data signal. Assuming 
that the vector of transmit signals for a single symbol interval is [ ]t

Nxxx ,,, 21 K=x , the vector of 
length M representing the signals at the port of each receive antenna can be expressed as 
 

ηHxy +=  (3) 
 
where H is the transfer matrix with the element Hmn describing the transfer function between the nth 
transmit and mth receive antennas. The variable η represents the vector of receiver noise and is 
assumed to be described by zero-mean independent identically distributed (i.i.d.) complex Gaussian 
random variables with variance σ2.  
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Figure 1: General configuration used for discussing space-time coding implementation for wireless 

communications systems. 
 
Consider now a propagation environment characterized by L multipath components. For simplicity, 
we will assume that the propagation is confined to the horizontal plane, although extension to full 
three-dimensional propagation is relatively straightforward. The ℓth component can be considered a 
plane wave that departs from the transmit array with a departure angle T

lθ  and arrives at the receive 
array with an arrival angle R

lθ . For narrowband communications, we can scale each multipath plane 
wave with the complex gain l

l
φβ je . For broadband communications, an additional phase term of 

lωτje  is required in order to properly account for the frequency dependence of the phase due to a 
time delay on the ℓth component of lτ . 
 



 

Suppose now that the mth receive and nth transmit antenna elements are located at the points 
( )R

m
R
m yx ,  and ( )T

n
T
n yx , , respectively. If the angles are taken with respect to the positive x-axis, the 

element of the transfer matrix describing propagation between these two antennas can be expressed 
as 
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In general, for a large number of paths L and proper statistical distributions on the angles and 
amplitudes are applied, this channel description will result in the classic model by Jakes. We will use 
this simple representation to discuss various aspects of MIMO wireless communications as well as 
to provide computational examples of capacity increases possible for various propagation scenarios. 
 
MIMO Channel Capacity 
 
The capacity of a MIMO system is obtained by maximizing the mutual information between the 
vectors y and x in Eq. (3). This mutual information expression is given as 
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where { }t

x
*E xxk =  with {}⋅E  representing an expectation and ⋅  indicates a determinant. Taking the 

eigenvalue decomposition (EVD) tt ** VVHH Λ=  where Λ represents the diagonal matrix of 
eigenvalues leads to the expression 
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where we have used matrix identities for simplification. This expression can be maximized by 
making xk~  diagonal with the entries determined according to the water-filling solution with a 
transmitted power constraint [3], [4]. The resulting expression represents the capacity, or the 
ultimate upper bound on throughput for the system, which can be written as 
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where the subscripts ‘qq’ indicate the qth diagonal element of the matrix and Q is determined during 
the maximization procedure. 
  
The key point to observe from Eq. (7) is that by diagonalizing the matrices in Eq. (5), we have 
decomposed the channel into independent or orthogonal sub-channels that can be used for 
communication. These sub-channels are spatial channels created by the plane waves departing and 



 

arriving at diverse angles. The transmit and receive arrays must exploit these spatial channels by 
forming the appropriate antenna beams, although the exact manner in which this occurs is dependent 
on the space-time code employed.  
 
It is important to recognize that the quality of the qth channel is dependent upon the eigenvalue Λqq 
of the matrix H*tH. A complete set of large eigenvalues is obtained only if there is a sufficient 
number of multipath components that span a relatively large spread in departure and arrival angles. 
For example, consider Eq. (4) for the case where L = 1 (i.e. only one multipath component exists). 
Each row of the channel matrix differs from the other rows only by a multiplicative constant, and 
therefore the matrix has a rank of 1 resulting in only one non-zero eigenvalue. Having several 
multipath components that are not significantly spread in angle or having one dominant path with 
several weak secondary components will result in a relatively low rank channel. Even in channels 
with large numbers of multipath components characterized by large angle spread, packing an 
increasing number of antenna elements into a fixed volume will lead to channel matrices whose rank 
will increase to a point and then level off. If the array volume is allowed to increase as elements are 
added, the rank of the matrix will continue to increase. The absolute upper bound is obtained when 
the array is large enough to independently resolve each multipath component. This situation of 
course represents full exploitation of the independent spatial channels offered by the multipath 
propagation. 
 
Capacity of Representative Channels 
 
In order to illustrate the relation between multipath structure and channel capacity, it is instructive to 
examine the capacity for representative channels in the form of Eq. (4). To begin, consider a simple 
channel consisting of three multipath components of equal magnitude. The multipaths depart from 
the transmit and arrive at the receive arrays as shown in Figure 2(a). The antenna arrays consist of 
four dipole antennas spaced at λ/2, where λ is the free-space wavelength. To compute capacity, the 
channel matrix H is normalized such that the average value of the squared magnitude of the 
elements is unity [5], or 
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Then, the transmit and noise powers are set so that for a single antenna at transmit and receive 
(single-input single-output or SISO), the SNR is set to 20 dB. For multiple antennas, the power 
constraint applied during formulation of the capacity properly restricts the total transmit power to 
equal that for the SISO case [3].  
 
Figure 2(b) plots the capacity as a function of angle spread for this scenario. The number of 
eigenchannels used by the water-filling solution is also shown. In general, as the angle spread of the 
multipath components increases, the capacity also increases as expected. This is due to the fact that 
the array is better able to exploit the individual rays, and in fact the system uses all three possible 
eigenchannels over part of this plot. It is important to recognize, however, that this small array is 
unable to completely resolve each multipath, and therefore each eigenchannel consists of a 



 

superposition of the paths. As the angle spread continues to increase, the arrays are not as effective 
in utilizing all paths, and therefore the number of used eigenchannels and capacity decrease. 
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Figure 2: (a) Multipath structure used to assess the variation of capacity with angle spread, and (b) 
capacity and number of used eigenchannels as a function of angle spread for the scenario in (a) with 

20 dB SISO SNR. 
 
To examine the behavior of the capacity for more realistic channels, we turn to measured data taken 
at 2.45 GHz in an indoor environment. The building used for the study, the engineering building on 
the Brigham Young University campus, is a typical university structure with cinder-block walls, 
large classrooms, offices, and hallways. The linear arrays at transmit and receive consist of four 
monopole antennas spaced at λ/4. The block diagram of the measurement system is shown in Figure 
3. This system uses a custom microwave communication link with 16 independent transmitters and 
receivers to simultaneously send and receive 16 uniquely coded, co-channel signals. Based upon 
these measurements, the channel matrix H is estimated using a Maximum Likelihood procedure [5]. 
 



 

 
Figure 3: Block diagram of the measurement system used to acquire MIMO channel data in a 

multipath propagation environment. 
 
Figure 4 plots the probability density function (pdf) of capacity computed from data obtained at a 
variety of locations within the building. As can be seen, the capacity varies around 20 bits/s/hz, with 
the capacity spread due to the dependence of the sub-channel quality on measurement location. The 
curve labeled SVA is computed from a model of the form of Eq. (4) with the angle/gain parameters 
computed from experimentally obtained statistical distributions. As can be seen, this simple model 
provides a very good estimation of the channel capacity [6]. 
 

 
 
Figure 4: Capacity probability density function for measured data in an indoor environment with the 
signals normalized to achieve 20 dB SISO SNR. The capacity computed with a simple model is also 

included for comparison. 
 
As discussed above, the capacity of the channel is a function both of the channel multipath structure 
and the ability of the array to exploit this structure. Specifically, it is interesting to observe the 
capacity behavior as the number of antennas in the arrays increases using the measured data. This 
data was taken using linear arrays of 2, 4, and 10 monopole transmit and receive antennas, with all 
arrays possessing the same total length (2.25λ). Figure 5 shows the complementary cumulative 
distribution function (CCDF) of capacity per transmit and receive antennas.  Also, Monte Carlo 
simulations were performed to obtain capacity CCDFs for channel matrices having i.i.d. complex 
Gaussian elements with unit variance. These results indicate an excellent agreement between the 



 

measured 2×2 and ideal 2×2 (independent Gaussian) channel due to the very wide separation of the 
antennas (2.25λ). The ideal case predicts that the capacity per antennas should approach a constant 
as the number of antennas becomes large.  Measurement shows, however, that as we pack more 
antennas into our array, the capacity per antenna drops as anticipated. This result emphasizes the 
relation between the available sub-channels and the ability of the antenna to exploit them.  
 

 
 
Figure 5: CCDF’s of capacity per antenna for measured channel matrices with 2, 4, and 10 antenna 

elements with the signals normalized to achieve 20 dB SISO SNR. 
 
 

SPATIAL CODING 
 
Traditional coding schemes for communications systems are applied in the time or frequency 
domains. However, the spatial properties of the multipath channel open up a second dimension to 
which coding can be applied. Spatial coding broadly refers to the manner in which the transmitted 
data is sent across the multiple spatial channels available for communication. There are many 
different schemes for coding the data spatially, with different methods achieving different objectives 
such as maximal throughput, low error probability, simplicity in decoding, etc.  
 
To illustrate the concept of spatial coding, we consider a strategy that is consistent with the notion of 
orthogonal channels as discussed above. If we express the singular value decomposition of the 
transfer matrix as H = USV*t, then consider precoding the data vector x such that the transmitted 
signal is xo = Vx. If this transformed vector is then transmitted, the received vector can be expressed 
as [3] 
 

ηUSxηVxUSVηHxy +=+=+= t
o

*  (9) 
 
where we have used the orthogonality of the singular vectors. We can efficiently decode the signal 
by the operation 
 



 

ηUSxyUy tt **~ +==  (10) 
 
which, since S is diagonal, results in a replica of the original data with each entry scaled by the 
channel singular values. Therefore, the operation xo = Vx spatially codes the transmit data in a 
convenient fashion 
 
While this scheme specifies how to code the data to exploit the spatial diversity in the channel, it 
does not indicate how to set up the original data vector x. Error control coding strategies 
traditionally employed in the time domain can now be extended to the spatial domain in order to 
achieve improved communication reliability and throughput. Alternatively, the data stream can be 
simply split into N parallel data sequences, with the error control coding applied independently (in 
time) to each stream before transmission. A large variety of different space-time coding strategies 
have been proposed in the literature [1]-[3], [7], [8].  
 
 

CONCLUSIONS 
 
This paper has presented a basic description of MIMO wireless communications systems. The 
discussion has focused on a fundamental analysis of multi-antenna systems communicating over 
multipath channels, and how such systems utilize parallel data paths to achieve capacity gains. 
Representative computed and measured capacity results were provided in order to demonstrate the 
potential of such systems as well as how the capacity varies as a function of channel and system 
characteristics. A brief discussion of the role of spatial coding in such systems was also provided.  
 
The presentation has clearly demonstrated that these MIMO systems have the potential to 
dramatically increase spectral efficiencies in a variety of communications applications. However, 
such systems only achieve substantial capacity gains for channels exhibiting significant multipath. In 
many scenarios for aeronautical telemetry, the multipath structure might offer some limited capacity 
improvements, although the nature of these channels suggests that the gains might be low compared 
to the additional complexity required to implement the requisite spatial processing. 
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