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Abstrace—Channel capacity in a waveguide with mode coupling
is limited by a keyhole effect caused by the propagation mech-
anism. The coupling among the propagating modes reduces the
channel rank, and at sufficient distances between the transmitter
and receiver, the channel rank converges to 1. Measurements of
the received power and channel capacity along a hallway and in
rooms beside it, show a decrease of capacity with distance, which
explained by the keyhole effect in the hallway.

I. INTRODUCTION

Multiple antenna systems received a lot of attention in re-
cent years, because of the promise they hold for very large ca-
pacities. High capacities are available when the sub-channels
connecting each transmit antenna to each receive antenna are
independent. Any coupling among these sub-channels causes
reduced capacity. Two types of interaction among the sub-
channels are:

« Correlation among the sub-channels, which may result
from scattering off objects near the transmitter or the re-
ceiver,

« Keyhole propagation [1], [2], which is caused by similarity
of the propagation paths,

Both types of interaction reduce the rank of the channel ma-
trix. In this paper we investigate the limits on capacity, set by
the propagation of radio waves in an indoor hallway that is mod-
¢led as a waveguide. The channel is decomposed into the wave-
guide modes and the coupling among them reduces the channel
matrix rank. The mechanism we discuss may cause high an-
tenna correlation and a keyhole effect, depending on the extent
of local scattering near the transmitter and receiver. High an-
tenna cerrelation is expected for systems with little scattering
near the transmitter and receiver; A significant keyhole effect is
present for systems with a lot of local scattering at both ends.
This is the situation in our measurements.

Il. THEORETICAL ANALYSIS
A. Channel Capacity
The general framework we consider is a linear time invariant
narrowband channel model:
y=Tz+n (1
where y is the received signal vector with N, entries, z is
the Ny x 1 transmit vector and n is the N, x 1 noise vector.
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The noise at different antennas is assumed independently white
Gaussian with average power o2, T is the N, x N; complex
channel matrix, and we define the normalized channel matrix
H= %T; where g* = N,IN‘, 2 Ej T .
The channel capacity for the case that each transmit antenna
transmits with average power P, is given by [3]:
C = log,(det(I+ P—;TTH)) = log,(det{I+ ]—i—HHH N @
o t
) H

where p is the average SNR at each receiver branch and (
signifies the conjugate transpose operation.

B. The Channel Model - Ideal Waveguide

We proceed to express the channel matrix T for an indeor
hallway environment, following the notation of [4]. Consider
a rectangular hollow waveguide, where the ¢ (horizontal) di-
mension is 2a and the y (vertical) dimension is 2b. The z axis
runs along the waveguide and the x and y axes are aligned with
the sides of the waveguide. The waveguide modes act as eigen—
functions of the structure, in the sense that power can only prop-
agate in a modal fashion. The modes are of either of two polar-
ization: transverse electric (TE) with zero electric field in the
z direction, and transverse magnetic (TM), with zero magnetic
field in the z direction. The variation of the electric field across
the waveguide is described in table I. These expression hold
strictly for perfectly conducting waveguides and approximately
for lossy dielectric waveguides. The wave vector of the (p, g)*®

TABLE |
MODES IN A RECTANGULAR WAVEGUIDE

™

*y) | cos (%52z) sin (Hy)

sin (%22 cos (%7)

mode is composed of the components (“22, %02 3. ) and the
change of phase along the z axis is e ~?#7-#%. The components
of the wave vector are determined from the boundary conditions
at the walls of the waveguide. In practical waveguides, the num-
ber of modes for each polarization is approximately 16ab/ A2,
We shall consider modes of both polarizations (TE and TM),
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use L for the total number of propagating modes, and index the
modes with a single index n instead of the double index used
so far.

Consider a set of transmitting aniennas in 2 waveguide situ-
ated at z = 0. The i*® anterma excites the waveguide modes
with amplitudes A,(0) = {415, A2y, ... Ap ;)7 when it trans-
mits a unit signal, We form the matrix 4 by stacking the vectors
A, next to each other. It contains the complex amplitudes of ail
the modes, excited by all the antennas, so the {n, ) entry con-
tains the excitation of the n*" mode by the i*! antenna. A loss-
less waveguide with smooth walls does not induce variations in
the modal amplitudes so in this case the modal amplitedes are
fixed at A(2) = A(0).

The electric field received by the jt receiving antenna, lo-
cated at (z,y, z), is expressed as a sum of modes. The x com-

ponent of the field is
L
= Y gin( B, g =Bz
E: = ;An cos( . ) sin( ; y)e (3)
with a similar expression for the y component of the field. Inthe
absence of noise, the received field in all the receiver antennas
E, is expressed in 2 matrix equation:

E =VZAE, )
where E, is a Ny x 1 vector containing the transmitted signals
at the N, transmit antennas. The matrix Z is an L x L diagonal
marrix with the elements e~75»% on the diagonal. The matrix
V is an N, x L matrix that contains the contribution of each
mode to the signal received on ¢ach receiver antenna. Its (i, n)

sm ot (Bung

element is
cos Yz
{ sin }(—;—-z.){ cos b )

where (z;,y;) are the components of the location of the i*" re-
ceiver antenna and cos or sin are chosen according the the an-
tenna polarization. The matrix A is the excitation matrix de-
termined by the transmitter location, We assume that all the
receiver antennas are located at the same z coordinate.

By comparing (1) and {4) we see that the channel transfer
matrix is given by

Ly

T=PA %)

where P = V Z conains the geometry of the receiver and A
describes the excitation,

C. The Channel Model - Waveguide with Loss and Coupling

In an ideal waveguide (with no loss and no mode coupling)
the modal amplitudes are fixed at the transmitter location z = (.
In a real waveguide there is loss and coupling among the modes,
and we consider a linear coupling model which is described by

an equation of the form:

94 _ 14 ™

The diagonal elements Ty, gomain the loss coefficients of each
mode. The off-diagonal element I'y ;n contains the coupling
factor from mode m to mode n. The average coupling fac-
tors between any pair of modes depend on the glectrical proper-
ties of the waveguide walls, the waveguide dimensions and the

statistics of the wall perturbations. The coupling matrix for a
slab waveguide is given in [5].

The linear coupling model is a first order approximation. It
reltes on the assumption of slow coupling among the propagat-
ing modes [6], that is justified in the case of small perturbations
in the geometry of the waveguide.

We use the waveguide mode analysis with the linear coupling
model to study the effect of coupling on the capacity of radio
channels propagating in an indoor environment. The validity of
the slow coupling assumption may be¢ questionable in this case,
but its effect of the channel capacity illustrates the general trend
in real channels.

We begin the analysis by studying the solutions of equa-
tion (7). The gerneral solution is a matrix A(z), where each
cotumn A*(z) is of the form:

L
Ai(z) = ZCiB gonz

n—n

i=1,2... N (8)

B, are the eigenveztolrs of I" and @, are the corresponding
eigenvalues; C! are scalar constants.

At large distances from the source, the modal coefficients
converge to

A'(z) = C*Bye™” &)

where a; is the eigenvalue of T that has the biggest real part.
Expression (9} is the steady state solution of the coupled modes
equation (7). In this solution, the only variation along the hali-
way 1s e™** (except for changes of the phase along z, which are
included in Z). The steady state modal distribution has most
of the power in the low order modes, because they have the
least loss. We stress that {9) represents the average behavior at
large distances from the transmitter. The actual behavior fluc-
tuates around this average, where the extent of the fluctuations
depends on the wall perturbations.

After convergence to steady state, the matrix A is of the form

A=B [C'C* ... CN)e™* (10)
and its rank equals 1. From equation (6) this implies that
the channel transfer matrix T also has rank 1. At small
transmitter—receiver distances the channel capacity is limited
by the number of transmitter or receiver antennas [3], but at
larger distances it is limited by the physics of the propagation
channel. The reduced capacity results from high correlation be-
tween antennas or from a keyhole effect, depending on the en-
vironment of the transmitter and receiver, and the amount of lo-
cal scattering. A similar behavior is predicted in [4], [1], where
modal loss is the mechanism limiting the capacity of the chan-
nel. Another case of a bound on capacity for distant transmitter
and receiver is shown in {7}, where the propagation model is
based on rays.

The convergence of A(z) from an initial condition to the
steady state behavior is accompanied by a convergence of the
power loss rate. The initial power loss rate varies along z, as
the amplitudes of the different modes change. When the steady
state is reached, the power loss rate sets to 2real{c;) Np/m.
The convergence of the power loss rate in measuremeénts is
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Fig. 1. Average power along the hallway. The straight line indicates the
approximate steady state power loss rate. The short vertical lines imdicate the
minimum and maximum power levels received at cach location,

shown in the next section, with the reduction of capacity along
a hallway.

. MEASUREMENTS

This section presents channel capacities estimated from
channel measurements that were taken with a system with 12
transmit antennas and 15 receive antennas. The transmitter was
located in a hallway and the receiver was located at different
positions along the same hallway and in adjacent rooms, see
section I'V for details of the measurement equipment and loca-
tions.

Figure 1 shows the average power measured at different po-
sitions along the hallway, averaged over 100 separate measure-
ments at each location. These results, together with others from
similar office buildings, show that the power loss rate in hall-
ways sets around 10 m from the transmitter. The variation of
power in figure 1 between 10 m and 20 m corresponds to the
location of a junction of hallways.

The setting of the power loss rate indicates the distance of
convergence of A to the steady state. Waveforms across the
hallway converge to a half sinusoidal shape as seen in figure 2.
This is a consequence of the steady state modal distribution,
that has most of the power in the lowest order mode.

The capacity results shown below were calculated using (2)
at different locations, with the signal to noise ratio fixed at
p =20 dB. Figures 3 and 4 show the average capacity, over 100
separate measurements of the channel matrix at each location.
A fixed value was used for the signal to noise ratio in order to
isolate the effects of the channel from the effects of the power
roll-off with distance.

Figure 3 shows the capacity calculated from the chanonel mea-
surements at different locations along the hallway. The figure
also contains the mean and maximum capacities calculated for
a Gaussian channel with 12 transmit antennas and 15 receive
antennas. The maximum capacity is calculated for a full rank

)
LN
kN

: ) g4 m fro‘g'n T T ' '7

—~50( ‘ :
E i
g sl
a;-, —-45
5527
o H
© g
62&_ : i : H :
2 -45 -30 -15 0 15 30 45
580y ; :
L4 ’/""'—

-G6 .732mme

-72 H L P H i P H

-45 -30 . -15 0 15 30 45
Distance Across the Haffway [crml
Fig. 2. Power measured across the hallway, For the top plot, the receiver is

6.4 m from the transmitter, the middle plot is at 35.7 m and the bottom plot is
a732m
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Fig. 3. Average capacity of the measured channel in the hallway for
SNR=20 dB, receiver array facing east.

channel with equal eigenvalues and the mean capacity is taken
overall channels with independent Gaussian entries in the chan-
nel matrix. The graph shows a reduction in capacity along the
hallway.

Figure 4 shows capacity results for the channel measured in
the laboratory rooms adjacent to the hallway (see the schematic
pian in figure 6). The horizontal axis contains the transmitter
- receiver separations along the hallway. Four different graphs
are shown, for the four orientations of the receiver array. The
results for the four orientations are similar.

The capacity in the rooms adjacent to the hallway drops
with increasing distance from the transmitter. The effect of the
power level was excluded so the reduction of capacity values
seen here is the result of variations in the channel matrix.

The decrease of capacity with distance (figures 3, 4) is the
result of the propagation mechanism. Most of the power in the
rooms was leaked from the hailway, through the wallboards, so
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Fig. 4. Average capacity of the measured channel in the labs for SNR=20 dB,
for the receiver antenna facing the four cardinal directions.

a low rank channel at a certain location in the hallway causes
low capacities in nearby rooms.

The measured receiver correlation is low (<(.25) for all mea-
surements. Transmitter correlation cannot be estimated directly
from the measurements, but it is similar to the receiver cor-
relation in the hallway because of the symmetric geometrical
arrangement of the two arrays.

IV. THE MEASUREMENT SETUP AND ENVIRONMENT

Many details were omitted form the descriptions below, be-
cause of space considerations. For a fuil description of the mea-
surements see [8].

1) Description of the Measuring Equipment: The measure-
ments were taken with two antenna arrays: the transmitter array
comprised 12 elements arranged on the sides of a square, and
the receiver array comprised 15 elements arranged in a grid.
Adjacent antennas were separated.by 8 cm, and the elements
on both arrays were arranged with alternate polarizations. Fig-
ure 5 shows the transmitter and the receiver arrays as seen from
the front where V and H stand for vertically and horizontally
polarized elements. The two arrays were placed at a height of
2m. The systern bandwidth was 30 kHz, the filters were raised
cosine filters with a bandwidth expansion factor of @ = (1.23;
the symbol rate was 24.3 ksymbols/sec, which is low enough
to support the narrowband assumption. The constellation size
used was 4 QPSK and the operating frequency was 1.95 GHz.

2} Description of the Measuring Process: The measure-
ments were taken within the Lucent Crawford Hill Build-
ing. The hallway measurements were taken in the building's
second floor main corridor, shown schematically in figure 6.
This straight 119 m corridor is 1.8 m wide, lined with offices
(typically 3 mx3 m) on one side and laboratories (typically
3.5 mx7.5 m) on the other. A second corridor intersects the first
one in 2 T shaped junction, but no measurements were taken in
that environment. The building extends in both the east and the

Transmitter Array Receiver Array

V, [ H, | Vg H; H I V.| H, |V,
H, \Z V| Hy H,
v, H, H, |V, | H; | V,
H, ]V, |H|V, V.| H;| V;| H,

Fig, 5. Antenna array layout, V and H represent different polarizations.
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Fig. 6. Geometry of hallways with the transmitter location and two receiver
locations

west direction, and the second corridor extends in the north di-
rection and is also lined with abs and offices. Inside walls were
made of wallboard, outside walls were mainly glass. Ceilings
and floors were reinforced concrete, with solid corrugated steel
pour forms permanently in place between floors and in the roof.

The transmitter was placed 21.4 m from the eastern end of
the hallway and 60 cm from the northern wall of the hallway,
pointing west, The transmitier was kept at this location for all
the hallway and lab measurements. For the lab measurements,
the receiver was wheeled to the desired lab and was positioned
2.4 m north of the east-west line defined by the transmitter.

The data was transmitted in bursts of 100 symbols. In or-
der to calculate the channel complex gains, the first 20 sym-
bols of each burst were devoted to training. Since the transmit-
ted signals are fully co-channel {all antennas transmit simuita-
neously within the same frequency band), the channel estima-
tion was performed using orthogonal training sequences as sug-
gested in [9]. After the receiver had learnt the channel with the
training process, the payload data (the last 80 symbols of each
burst) were decoded using the V-BLAST algorithm, but we are
interested here only in the channel properties as indicated in the
measured channel transfer matrix.

The signal power was set to a sufficient value to guarantee
a signal to noise ratio of at least 15 dB, This was done in or-
der to guarantee the accuracy of our capacity calculation [10].
For each measurement location, about 100 bursts {100 instanti-
ations of the channel transfer matrix T) were recorded in order
to average over the small scale temporal variation (doors open-
ing and closing, people walking through the haliway or in the
labs ete). '

In order ot estimate the receiver antenna correlation, the mea-
surements were repeated with the receiver moved over a grid
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of 21 locations (in the hallway) or 33 locations (in the labs),
with the points 15 cm from each other. The transmitter was
not moved similarly, so transmitter correlations cannot be cal-
culated.

V. CONCLUSIONS

The coupling among propagating modes in a waveguide re-
duces the channel capacity along the waveguide. A multiple

antenna system operating in a building haliway shows dimin-

ishing capacities as the distance between the transmitter and
the receiver grows. This decrease in capacity is the result of a
keyhole effect caused by mode coupling, and the decrease of
power levels at growing distances from the transmitter. The
keyhole effect is explained using a propagation model based on
the waveguide properties of the hallway.

Measurements of power levels along indoor hallways indi-
cate that the power distribution among the modes sets to its
steady state at distances in the order of 10 m from the trans-
mitter and the effective rank of the channel is expected to set to
its steady state value around the same area.

The capacity was estimated from channel measurements, and
a decrease is apparent along the hallway with growing distances
from the transmitter. This decrease occurs in the hallway as
well as in the rooms located beside it. We suggest that the main
propagation mechanism into the rocoms is leakage from the hall-
way, through the interior walls of the building. A keyhole effect
in the hallway limits the capacities measured along it and in the
TOOmS.
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