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Wireless communications are a fundamental part of modern
information infrastructure. But wireless bandwidth is costly1,
prompting a close examination of the data channels available
using electromagnetic waves. Classically, radio communications
have relied on one channel per frequency, although it is well
understood that the two polarization states of planar waves2 allow
two distinct information channels; techniques such as `polariza-
tion diversity' already take advantage of this3. Recent work4±7 has
shown that environments with scattering, such as urban areas or
indoors, also possess independent spatial channels that can be
used to enhance capacity greatly. In either case, the relevant signal
processing techniques come under the heading of `multiple-input/
multiple-output' communications, because multiple antennae are
required to access the polarization or spatial channels. Here we
show that, in a scattering environment, an extra factor of three in
channel capacity can be obtained, relative to the conventional
limit using dual-polarized radio signals. The extra capacity arises
because there are six distinguishable electric and magnetic states
of polarization at a given point, rather than two as is usually
assumed.

In Fig. 1, we show why the presence of a scattering environment
violates our intuitive notion of there being only two polarization
degrees of freedom for electromagnetic radiation. This situation
arises because in free space, radiated electric and magnetic ®elds are
constrained to be perpendicular to one another and to the direction
of propagation2. Thus, once the direction of propagation is ®xed,
only two degrees of freedom remain which are typically referred to
as either horizontal or vertical (linear) polarizations. In the presence
of a re¯ecting surface, however, multiple paths are possible between
the two points. Although the wave propagating along the direct path

cannot have an electric ®eld component parallel to that path, the
wave propagating along the re¯ected path can contribute such a
component to the ®eld at the receiver (it is effectively a longitudinal
component when referred to the line-of-sight). Thus, by using
appropriate transmit antennae we can propagate waves which
cause independent ¯uctuations in all three electric ®eld compo-
nents. The electromagnetic polarization is no longer constrained to
be perpendicular to the line-of-sight8. The presence of a single
re¯ecting surface allows the use of three channels of electric-®eld
polarization for wireless communication.

In order to make our statements more precise, we introduce H, a
6 3 6 matrix relating the electric (E) and magnetic (B) ®elds
measured at a point r, owing to idealized oscillating electric (p)
and magnetic (m) dipole moments, produced by transmitting
antennae at point r9
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where in free space and in the far-®eld, H is given by a compact
version of the standard formulas that describe the ®elds radiated by
oscillating electric and magnetic dipoles2 (in SI units):
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Here k is the wave vector (jkj � q=c � 2p=l) and 1=e0c < 377 Q is
the impedance of free space (c is the speed of light). J(rÃ) is a 3 3 3
matrix given by Jij�Ãr� � Skeikj Ãrk, de®ned so that J�Ãr�p � Ãr 3 p (with
Ãr � r=jrj).

The communication channel associated with equation (1)
includes additive noise measured by the receiver. For simplicity,
we make the canonical assumption that its components are uncor-
related gaussian white noise with equal variance, and that commu-
nication takes place over a suf®ciently narrow bandwidth that H
has negligible frequency dependence (`¯at fading'). For a time-
independent H, the rate at which information can be transferred
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Figure 1 Communicating with electric ®elds in the presence of a mirror. In the two-

dimensional plane of the ®gure, orthogonal current dipoles at the transmitter, I and I9 (left),

control two degrees of electric ®eld freedom at the receiver, E0 and E2 (right). The direction

perpendicular to the plane contributes a third degree of freedom (E0, E1, and E2 are

transverse ®elds on the three paths shown). Normally, due to transverse propagation of

electromagnetic waves, there would be no longitudinal electric ®eld component at the

receiver. Thus, as is drawn, without the mirror the current dipole labelled I would not

produce electric ®elds at the receiver. However, the alternative propagation path shown

causes the component E2 to appear at the receiver, which has non-zero longitudinal

projection when referred to the non-re¯ected path.
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Figure 2 Eigenvalues of HH ² in a two-mirror idealized scattering environment. Data were

obtained by simulating the receiver (R) at a variable distance from the transmitter (T) along

the line indicated by the inset. The line joins the points �x ; y ; z � < �9:9; 7:7; 10:5�l and

(15.1, 109.8, 8.1)l, while the mirrors are in the planes x � 0 and z � 0. Note that

rank�H� � 6 (that is, there are no eigenvalues equal to zero), indicating a threefold

capacity increase over what is possible in free space with no scattering. Eigenvalues are

normalized to those that would be obtained in free space: �jkj2=4pe0jrjc�
2. (At large

distances the re¯ections are glancing, which leads to widely spaced eigenvalues). See

equations (1) and (2).
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between an n-antennae transmitter/receiver pair (n � 6 in equa-
tions (1) and (2) above) is characterized by the quantity

M�H� � log2det�I � �r=n�HH²
� �3�

where M(H), in bits per second per hertz, is the mutual information
between the transmitter and receiver when the transmitted signals
are uncorrelated white gaussian stochastic processes with equal
power. We use units such that the noise components have unit
variance, allowing us to denote both total power and signal-to-noise
ratio by the same symbol r. The signi®cance of M(H) is that for a
¯uctuating H, under appropriate conditions, the capacity C of the
channel is given by the expectation of M(H) taken over the
probability distribution of H. The conditions are that H is known
by the receiver but not by the transmitter (as would be the case if
transmitted pilot signals help the receiver calculate H). We note that
if the channel is known to the transmitter, the capacity will be higher
and is given by the `̀ water ®lling'' solution where power is unevenly
divided among transmitting antennae6. Fluctuations in H may be
caused by a ¯uctuating environment or by movement of the
antennae.

Clearly, the capacity depends on the rank of H. It follows by
inspection that at large signal-to-noise ratio r, M(H) (and therefore
C) tends to the value m log2r, where m � rank�H�. We note that the
large r limit is taken for ®xed H. It is easy to verify that the rank of H0

(see equation (2)) is two, which corresponds to our intuitive notion
of there being only two polarization degrees of freedom in free
space. We now formally de®ne the number of polarization channels
as rank(H). Our basic observation here may be summarized by
the statement that it is possible to have rank�H� � 6 in an environ-
ment with scattering, with a concomitant increase in the capacity of
the wireless communication channel. We note that six independent
signals have to be transmitted in order to take advantage of this
increased capacity.

A simple geometry which shows that we would expect
rank�H� � 6 in scattering environments consists of two perfectly
conducting planes (mirrors) at right angles to each other (inset of
Fig. 2). The matrix H (equation (1)) in this environment may be
computed by summing over free-space contributions like H0

(equation (2)) corresponding to the actual transmitter and its
images in the two mirrors (two single and one double re¯ection).
We plot the eigenvalues of HH² for the transmitter and receiver
placed along a given line in the simulated environment (Fig. 2); we
note that all six eigenvalues are non-zero and hence rank�H� � 6,
signifying a threefold increase in capacity over what would be
possible in free space. An alternative way of seeing that all six
components of the electromagnetic ®eld can ¯uctuate indepen-
dently is to consider their covariance at a point due to an isotropic
distribution of plane waves. It is easy to verify in this case that all

off-diagonal covariances vanish, so that no vector component can
be predicted from any other.

Apart from increasing the number of degrees of freedom in
wireless electromagnetic communications, the existence of six
independent channels as indicated by the full rank of H also implies
improved fading performance of a receiver sensitive to polarization
degrees of freedom. As the environment ¯uctuates, or as the receiver
moves through space, the measured electric and magnetic ®elds also
¯uctuate. For an antenna sensitive to just a single ®eld component
the amplitude can occasionally come close to zero (fading); how-
ever, it is quite unlikely that all six vector components will vanish
simultaneously. Thus, by taking full advantage of the receive
diversity that is offered by polarization (which we noted is already
done for two polarization states3) the fading can be greatly amelio-
rated. In contrast with earlier proposals4±7, where scattering leads to
greater spatial diversity, the subject of this Letter involves measure-
ments theoretically localizable at only one spatial point, thus leading
to more compact antenna designs for similar capacity gains. At one
spatial point it is possible to measure two three-dimensional vector
®elds (electric and magnetic); we do not consider, however, meas-
urements of spatial ®eld derivatives, which are independent degrees
of freedom and in principle could lead to further increases in
capacity beyond the factor of three considered here. Completely
variable vector electric and magnetic ®elds seem only to have been
discussed previously in direction-®nding applications9±11.

Our experimental work demonstrates the increase in capacity
originating from the three electric polarization states in a scattering
environment. Dubbed a `̀ tripole'', the antenna system consists of
three standard sleeves12 arranged orthogonally as shown in Fig. 3.
Each antenna element is roughly a half wavelength long (,17 cm),
and was trimmed for ef®cient resonant operation at 880 MHz by
adjusting variable length sections. Each has good coupling of power
to radiated modes with less than 5% power re¯ected back to the
transmitting source. As the three elements are orthogonal and cross
close to their feed points, coupling among them is minimized
(less than -25 dB of power) and we ®nd the radiation pattern of
each element in the tripole to be similar to that of an isolated sleeve
including deep nodes (-25 dB of power) along the axes. The three
antennae together can create an arbitrary vector electric dipole
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Figure 3 Tri-polarized antenna (tripole). The composite structure is composed of three

orthogonal sleeves12 with their feed points collocated at the centre of the image. Each has

two variable length segments which are adjusted to ef®ciently couple radiation to its

transmission line. The three antennae together can create an arbitrary vector electric

dipole moment at the transmitter, as well as function as detectors of the vector electric

®eld at the receiver.

10

20

–5 25
0

155

30

(1)

(3)

(2)

B
its

 p
er

 s
ec

on
d

 p
er

 h
er

tz

Signal to noise ratio (dB)

Figure 4 Capacity of the tripole antenna. Shown are experimentally obtained capacity

estimates for one (lower solid line), two and three (upper solid lines) orthogonal sleeve

antennae (Fig. 3), calculated from measured transfer matrices H. Dotted lines are from the

random matrix-based theory6. Inset, here we show a capacity increase through the

transfer of actual data. The reconstructed colour image above (Joan Miro, A toute

eÂ preuve) was transmitted as three distinct red, green, and blue monochrome sub®elds on

each of the three orthogonally oriented antennae of Fig. 3 (that is, red was transmitted on

xÃ polarization, green on yÃ , and blue on zÃ ).
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moment at the transmitter, as well as function as detectors of the
vector electric ®eld at the receiver. As for the magnetic polarization
components, we assume that three more resonant antenna struc-
tures, perhaps mutually orthogonal magnetic-sensing `loops', could
be designed to be collocated with the three orthogonal (electric-
sensing) sleeves. Although the engineering details associated with
magnetic-sensing antennae differ from those of electric-sensing
ones, these differences have been successfully dealt with before12,13.

Having constructed two such tri-polarized antennae, demon-
strating their potential for increased capacity in a particular
environment involves measuring the rank of the 3 3 3 electric
transfer matrix H (that is, equation (1)) where contributions
from B and m are ignored). A variety of pilot signals may be used
to measure the transfer matrix H, but we chose simple sinusoids
(tones) for purposes of characterization. Let a and b each denote
one of the three indices of the transmit and receive antennae
polarizations. The experimental procedure was to choose three
distinct tones qb within a narrow frequency band (experimentally,
it is found that H (equation (1)) varies negligibly over bands of
20 kHz) and transmit each on its own antenna element. All three
frequencies were then observed on each of the three antenna
elements at the receiver. The transfer matrix element Hab could
then be read off as the complex amplitude at frequency qb

(transmitted on antenna b) received on antenna a.
The results are illustrated in the graph of Fig. 4, and show

capacities inferred from the measured matrices. The upper curve
is the ``tripole'' capacity (3 3 3 matrix), whereas the lower and
middle curves are for 1 3 1 (scalar) and 2 3 2 (dual-polarized)
submatrices, respectively. In the scalar and dual-polarized cases we
present capacities averaged over the nine possible choices for
antennae at the transmitter and receiver. (There are three possible
ways of choosing either one or two antennae from three, and
combinations of transmit and receive elements yields 3 3 3 or
nine possibilities.) It is clear from the ®gure that use of polarization
adds to the capacity, and does so in agreement with theory6. These
data were taken in a large cafeteria (about 500 m2, with 10-m high
ceilings) with the transmitter and receiver around a corner from one
another; each matrix was measured with the receiver at a different
position but always about 25 m from the transmitter.

In order to provide an illustrative visual example of the expansion
of channel capacity, we wirelessly communicated a colour image
with colour represented as usual by a three-dimensional vector of
red, green and blue components. These three monochrome image
components of the original full-colour image were transmitted
separately by each of the three transmit antennae, along with pilot
signals allowing for measurement of the 3 3 3 transfer matrix H.
The inset of Fig. 4 shows the recovered image (Joan Miro, A toute
eÂpreuve).

From these studies it is clear that electromagnetic polarization
can play an important role in wireless communication. We have
demonstrated experimentally the capacity increase that comes from
exploiting the three-dimensional electric ®eld vector (Fig. 4), and
have theoretically shown the bene®t arising from the use of
magnetic degrees of freedom as well (Fig. 2). There will undoubtedly
be practical issues to be considered in using a sixfold polarized
antennae system, including the ef®ciency and cross-coupling of
antennae extracting all the electromagnetic degrees of freedom near
a point, as well as issues such as the statistics and environmental
¯uctuations that affect H. Nevertheless, the capacity increase is real
and necessitates a re-evaluation of the use of polarization in wireless
communication using electromagnetic waves. M
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In contrast to crystalline solidsÐfor which a precise framework
exists for describing structure1Ðquantifying structural order in
liquids and glasses has proved more dif®cult because even though
such systems possess short-range order, they lack long-range
crystalline order. Some progress has been made using model
systems of hard spheres2,3, but it remains dif®cult to describe
accurately liquids such as water, where directional attractions
(hydrogen bonds) combine with short-range repulsions to

–0.2 0.0 0.2 0.4 0.6 0.8 1.0
q

0

2

4

6

8

10

T

T
–0.5 0.0 0.5 1.0
0

2

4
6
8

10

f(q
)

Figure 1 The effect of temperature on the distribution of the orientational order, q, at a

density r = 1.2 g cm-3. Three temperatures T are considered; 320 K (dashed line), 280 K

(solid line) and 240 K (dot-dashed line). The fraction of molecules with q-values between

q + dq/2 and q - dq/2 is f(q) dq. The area under each curve is normalized to unity.

Arrows indicate the effect of increasing temperature. The possible range of q for a

molecule is -3 # q # 1; the average value for a collection of molecules spans the range 0

# hqi # 1. Inset, the q-distribution for a Lennard±Jones system at a density r* =

Nj3/ V = 1.0 and temperature T* = kBT/e = 2.0, where e and j are the energy and size

parameters, and kB is Boltzmann's constant. For the Lennard±Jones ¯uid, f (q ) is virtually

unchanged throughout the liquid region of the phase diagram.
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